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ČIŠČENJE OLJNO-VODNIH EMULZIJ Z 
ULTRAFILTRACIJO  
 
 
Povzetek 
 
V okviru  diplomske naloge smo želeli proučiti delovanje komercialne ultrafiltracijske 
membrane za čiščenje oljno-vodnih emulzij. Na začetku smo merili določene 
karakteristike membrane, kot je permeabilnost, medtem ko smo podatek za velikost por 
membrane dobili od proizvajalca. Opravili smo monitoring emulzij. Uspešnost filtracije 
emulzij je odvisna od sestave odpadne vode, temperature in transmembranskega 
tlaka. Vse naštete parametre smo preučevali s pilotno napravo za ultrafiltracijo. 
Uporabili smo polimerno membrano in merili pretok destilirane in odpadne vode v 
odvisnosti od časa pri konstantnem tlaku. Permeabilnost je znašala 129,6 LMH. Za 
ovrednotenje učinkovitosti naprave je potrebno opraviti določene fizikalno kemijske 
analize. Ugotovili smo, da se znižajo koncentracije aluminija, amonija in železovih 
ionov pod mejo, ki je določena z zakonodajo. Vrednost za kemijsko potrebo po kisiku 
se zniža do 90%.  
 
 
Ključne besede: oljno-vodne emulzije, ultrafiltracija, učinkovitost, mašenje membran. 
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 IV 
TREATMENT OF OIL-IN-WATER EMULSION BY 
ULTRAFILTRATION 
 
 
Abstract  
 
Objective of the work is to provide most suitable ultrafiltration membrane for purifying 
oil-in water emulsions. At the beginning membrane nature was determined by 
measuring some membrane permeability, while molecular weight cut off was known. 
Filtration characteristics are connected with feed wastewater composition, temperature, 
and transmembrane pressure. All enumerated characteristics were studied using pilot 
plant filtration unit. Commercially available ultrafiltration (UF) membrane was tested in 
order to gain maximum rejection of certain compounds, especially chemical oxygen 
demand. Therefore, some relevant physico-chemical parameters according to the 
Slovenian regulations were measured. The permeability of membranes was quite high 
at 129,6 LMH, and the fouling degree was relatively low, calculated as modified fouling 
index. The measurements showed good membrane performance with total rejections of 
aluminium, iron and ammonium ions, while COD was decreased by 90%. 
 
Key words: Oil-in-water emulsion, ultrafiltration, fouling, retention. 
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1 INTRODUCTION 
Oil-in-water (O/W) emulsions are present in several processes, mainly relating to the 
food, cosmetic, pharmaceutical, and metalworking industries.  
The metalworking industry uses large quantities of coolants and water-based lubricants 
for cooling work pieces and machine tools, reducing the friction and wear of tools and 
dies, and improving the surface qualities of workpieces, as well as flushing away metal 
chips generated during machining, and the need for treating them before disposal. 
Water-based lubricants and cutting oils have gained increasing acceptance within the 
metalworking industry, replacing some petroleum-based products because of their 
more efficient performance and less severe environmental problems [1].  
These fluids, containing mainly emulsified oil and surfactants, become less effective 
after use because of their thermal degradation and contamination by substances in 
suspension, and therefore need to be replaced periodically. The treatment and 
recovery of lubricating and cutting oils from oily wastewaters is of environmental and 
commercial importance, because of their detrimental effects on aquatic life and their 
interference with conventional wastewater treatment processes. Currently, several 
treatments are being investigated in order to establish the best operating conditions for 
the highest oil-removal efficiency and to obtain an aqueous effluent that can be safely 
discharged or reused during the cooling process. These include deep-bed filtration, 
centrifugation, distillation, dissolved air flotation, vacuum evaporation, chemical 
treatment, biological treatment, hybrid processes, and membrane techniques, such as 
microfiltration (MF), ultrafiltration (UF) and reverse osmosis (RO) [1].  
UF is an effective method for the treatment of oily effluents because no chemical 
additives are needed, oil removal efficiencies are high and costs are low. On the other 
hand, there are two serious problems during membrane operations: concentration 
polarization, which has a negative influence on the flux, and membrane fouling, which 
is an irreversible adsorption of macromolecules [2]. 
The aim of the work is to provide new alternatives for purifying oil-in-water emulsions 
originating in a metalworking enterprise. For reaching this goal, a UF polymeric 
membrane module was chosen for studying the removal efficiency of contaminants 
present in the wastewater. 
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The rejections of different parameters were studied after the operation, so as to check 
weather the values comply with the Slovenian regulation´s limits.  
This diploma work is divided into the theoretical section, where a description is given of 
all the fundamental explanations regarding the measurements made, the experimental 
section showing the procedures followed to calculate the values of the parameters, and 
the sample monitoring. Finally, the measurements of the parameters studied are shown 
in the results section. 
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2 THEORETICAL SECTION 
2.1 STATE-OF-THE-ART 
Oil-in-water emulsions are used as metalworking fluids (MWFs) in a variety of 
machining and rolling processes in order to lubricate and cool the work pieces and 
tools, to remove chips from the cutting zones, and to prevent corrosion.  
These emulsions consist of a complex mixture of water, oil and additives such as 
emulsifiers, corrosion-inhibitors, antifoaming and extreme pressure agents. MWFs lose 
their functional properties over time, because of the presence of severe operating 
conditions and contaminants, and need to be replaced [3]. Environmental regulations 
require that the maximum total oil and grease concentrations in discharge waters must 
be 10–15 mg/L [4]. The major pollutant in wastewater (also known as produced water) 
generating from an oil field is oil, which may range between 100 and 1000 mg/L or 
even higher, depending on the efficiency of demulsification, and the nature of the crude 
oil [5]. 
Several common techniques are used in oil–water separation and treatment. Gravity-
settling separation and mechanical coalescence methods are the well-known traditional 
treatment processes, the efficiencies of which depend on the sizes of the oil droplets in 
the wastewater. Chemical emulsion-breaking is an effective way under proper 
application. Coagulation and air flotation and the electrostatic and electrocoagulation 
separation methods are also applied among the oily wastewater separation processes. 
However, these methods lead to a huge production of sludge and complicated 
operational problems. Other methods, such as microwave treatment, ultrasonic-wave 
treatment, and thaw and heat treatment have been occasionally applied in special oily 
water (sludge) treatment, over recent years [6]. 
Membrane separation has enjoyed great popularity over the last 30 years and is 
proving to be a promising technology [6]. Membrane processes are those successful 
techniques used for the treatment of metalworking wastewaters, since the quality of 
permeate is very high (i.e. low chemical oxygen demand concentration), the pore sizes 
of UF membranes are usually within the 2–50 nm range, and the sizes of the oil 
droplets in emulsion are usually within the range of 0.1–10 µm. Therefore, most oil 
droplets can be effectively rejected and the permeated water is almost free of 
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emulsified oil [7]. However, membranes suffer severe fouling as a result of adsorption 
and the accumulation of rejected oil and other components on the membrane surface 
[3], consequently limiting its wider application [7]. 
Nowadays, hydrophilic membrane materials such as cellulose (CA), and polyvinyl 
alcohol (PVA), which contain excellent fouling-resistance properties, and are widely 
developed for oil/water membrane separation [7]. 
Ceramic membranes have advantages over organic membranes during certain 
industrial operations because of their higher chemical and thermal stability, since 
polymeric membranes suffer from changes in their structure [8], and are particularly 
suitable for treating the often corrosive and high temperature oil- and surfactant-
contaminated streams [9]. Tubular instead of flat membranes are recommended in 
order to obtain a higher flux and thus a more efficient separation. Tubular membranes 
with high permeability can be obtained by producing a composite membrane consisting 
of macroporous support, and a dense inner membrane layer [10].  
An active layer of ceramic membranes is usually formed by those metal oxides that can 
exist in different ionization states or zeta potential values, depending on pH, and which 
may influence the emulsion and/or membrane charge properties [3]. 
One of the most important problems in membrane filtration is fouling and concentration 
polarization.  
Concentration polarization and surfactant adsorption onto membrane surfaces are the 
two major phenomena involved in the ultrafiltration of a model o/w emulsion, using 
tubular ceramic membranes [3]. 
Concentration polarization is a reversible process which depends mainly on 
transmembrane pressure (TMP) [1].   
TMP and fluid temperature are important parameters when controlling optimal 
performance. Care should be taken to optimize effective flux by properly setting the 
operational period´s length and the efficiency, frequency, and duration of the cleaning 
procedure [11]. Steady permeate flux is highly dependent on TMP. It has been 
discovered that the increase of permeate flux under lower TMP is greater than that 
under higher TMP. 
This is because the increase of TMP has both positive and negative effects on the 
permeate flux. Higher TMP allows droplets (both solvent and solute) to pass rapidly 
through the membrane pores [12]. However, more oil droplets accumulate, both on the 
membrane surface and in the membrane pores, leading to membrane fouling [6]. The 
relationship with the transmembrane pressure depends on the membrane property and 
the behaviour of the boundary layer [6]. 
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Concentration polarization can be mitigated at higher cross-flow velocities as 
turbulence increases near the membrane surface [3], it means, the turbulent flow 
weakens the effect of concentration polarization [6]. 
There are a lot of ways of cleaning membranes, such as with a chemicals, but it is 
important to explain the method called backflushing, as seen in Figure 2.1. 
Backflushing is a process in which the permeate flow is reversed periodically. This flow 
reversal, in most cases, improves the flux by removing some of the foulants from the 
membrane´s surface and pores. Depending on the frequency and the time of the flow 
reversal, we can talk about backflushing, backpulsing, or backshocks. In backflushing, 
sometimes called as backwashing, the permeate flux is usually reversed for a few 
seconds every few minutes [13]. Backflushing at a too high frequency does not allow 
adequate permeate flux collection during forward filtration, relative to that lost during 
reverse filtration, whereas too low frequency results in significant flux decline, due to 
cake formation. Consequently, the time needs to be optimized, in order to obtain 
maximum permeate volume [14]. 
 
 
Figure 2.1: Schematic representation of backflushing technique [15]. 
 
Steady permeate flux is highly-dependent on the pH of the feed solution. Steady flux 
decreases as the pH increases within a range of 2–10 [16]. However, the maximum 
permeability of alumina membrane is observed at a pH of 8-10 [17]. 
The permeate flux, under various pH values, is affected not only by the membrane 
characteristics but also by the solute´s properties [6]. 
Membrane fouling results in a substantial decline in the initial membrane hydraulic 
permeability, which may be reversible or irreversible.  
The oil is rejected by the membrane, and it accumulates near the membrane´s surface, 
and the concentration gradient causes the flux to decline [3]. 
Reversible fouling is typically attributed to deposited solute or colloidal particles on the 
membrane´s surface and pores, and can be readily overcome by mild cleaning. On the 
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other hand, irreversible fouling is often due to strong physisorption and/or 
chemisorption of particles or solutes onto the membrane surface and into its pores [9]. 
The resistance-in-series (RIS) model does not provide a physical explanation of the 
limiting flux in UF but, unlike other models, it describes the complete TMP – permeate 
flux behaviour [3], [6], [9]. 
 
2.2 OIL-IN-WATER EMULSIONS 
Oil-in-water emulsions are homogeneous mixtures that consist of finely divided oil 
droplets, which are uniformly dispersed in water. The presence of such emulsions in 
industry falls into two general categories: existing emulsions, which must be treated or 
eliminated; and emulsions to be created [18]. Oil-in-water emulsions are commonly 
used in a variety of precision-machining industries. They serve the purposes of 
lubrication, cooling, surface cleaning and corrosion prevention during the 
manufacturing process. Depending on specific applications, O/W emulsion can consist 
of up to 95% water, the rest being a complex aqueous mixture which comprises 
different kinds of oils (mineral, animal, vegetable and synthetic), alcohol, sequestrants, 
and surfactants, etc. The kinds and amounts of each component in the complex 
aqueous mixture are unknown because of the proprietary natures of individual 
suppliers. The composition of complex aqueous mixtures can vary widely among 
different suppliers, even for the same application [19].  
The three broad categories in which industrial oily wastewater exist are free-floating oil, 
unstable oil/water emulsion, and stable oil/water emulsion [5]. 
Oil can exist in water in several forms: 
- Free oil is composed by oil droplets with diameters exceeding about 30 
microns. It rises quickly to the water´s surface when given a sufficient quiescent 
settling period. 
- Mechanical dispersions are distributions of fine oil droplets ranging in size from 
less than 1 micron to 30 microns, and having stability due to electrical charges 
and other forces, but however, to the presence of surface active materials. 
- Chemical emulsions are distributions of oil droplets similar to mechanical 
dispersions, but which have additional stability due to chemical interactions, 
typically caused by surface active agents present at the oil/water´s interface. 
- Dissolved oil is dissolved in the chemical sense; removal by normal physical 
means is impossible. 
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- Oil that adheres to the surface of particulate materials is referred to as an oil-
wet solids. 
2.3 ULTRAFILTRATION  
Ultrafiltration (UF) is a membrane process, the nature of which lies between 
nanofiltration (NF) and microfiltration (MF). The pore sizes of the membrane used 
range from 0.05 µm (on the microfiltration side) to 1 nm (on the nanofiltration side). 
Ultrafiltration is typically used to retain macromolecules and colloids from a solution, 
the lower limit being solutes with molecular weights of a few thousand Daltons. 
Ultrafiltration and microfiltration membranes can both be considered as porous 
membranes where rejection is determined mainly by the sizes and shapes of the 
solutes relative to the pore sizes in the membrane, and where the transport of solvent 
is directly proportional to the applied pressure. In fact, both microfiltration and 
ultrafiltration involve similar membrane processes based on the same separation 
principle. However, an important difference is that ultrafiltration membranes have an 
asymmetric structure with a much denser top-layer (smaller pore sizes and lower 
surface porosity) and, consequently, a much higher hydrodynamic resistance [20]. 
The top-layer thickness of an UF membrane is generally less than 1 µm. 
The flux through UF membrane can be described in the same way as for MF 
membranes, being directly proportional to the applied pressure: 
 
TMPKJ ⋅=   [2-1] 
 
Where,   
− J, is the flux, LMH, 
− K, is the permeability constant, m-2 h-1 Pa-1, 
− TMP, is the transmembrane pressure, Pa. 
 
The permeability constant K includes all kinds of structural factors similar to MF.  
UF is often applied for the concentration of macromolecular solutions where the large 
molecules have to be retained by the membrane, while small molecules (and the 
solvent) should permeate freely. In order to choose a suitable membrane, 
manufacturers often use the concept of ‘cut-off’. The molecular weight cut-off (MWCO), 
reported in Daltons, indicates the sizes of those molecules likely to be rejected by the 
membrane. MWCO is also defined as the molecular weight of a solute rejected at 90% 
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(it can vary between 60 and 90% depending upon the protocols used by the 
manufacturers) [20]. 
Different types of filtrations can be distinguished depending on their MWCO: MF, UF, 
NF, and RO. 
A UF membrane is a selective barrier that separates the components of a mixture. UF 
membrane separation is based on the principle that a mixture can be partially 
fractioned by passing it through a porous structure, which tends to retain larger 
components whilst allowing smaller components to pass through it [21]. 
Most UF membranes used are prepared from polymeric materials by a phase-inversion 
process. Some of these materials are listed below: 
 
− polysulfone/poly (ether sulfone)/sulfonated polysulfone, 
− poly (vinylidene fluoride), 
− polyacrilonitrile (and related block-copolymers), 
− cellulosics (e.g. cellulose acetate), 
− polyimide/poly(ether imide), 
− aliphatic polyamides and  
− polyetheretherketone. 
 
In addition to such polymeric materials, inorganic (ceramic) materials are also used for 
UF membranes, especially alumina (Al2O3) and zirconia (ZrO2). 
Since the lower limit for preparing porous membranes by sintering is about a 0.1 µm 
pore diameter, this technique cannot be used to prepare UF membranes. Such 
sintered porous structures can be used as sublayers for composite UF membranes, a 
technique frequently employed in the preparation of ceramic UF membranes. On the 
other hand, UF membranes themselves are often used as sub-layers in composite 
membranes for RO, NF, gas separation and pervaporation [20]. 
There are a number of other techniques, besides cut-off measurements, for 
characterising UF membranes. However, typical methods for MF membranes, such as 
mercury-intrusion or scanning electron microscopy cannot be used for the 
characterisation of UF membranes. For this reason, other techniques have been 
developed such as thermoporometry, liquid displacement, and permporomety. Other 
applicable and more general techniques are gas adsorption-desorption, permeability 
measurements, and “modified cut-off” measurements [20]. 
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UF membranes have several advantages, among them [22]: 
1. The technology is more widely applicable across a wide range of industries. 
2. The membrane is a positive barrier to rejected components. Thus, the quality of the 
treated water (the permeate) is more uniform regardless of influent variations. These 
variations may decrease flux, but generally do not affect the output quality. 
3. No extraneous chemicals are needed, making subsequent oil-recovery easier. 
4. Membranes can be used in-process, to allow for the recycling of selected waste-
streams within a plant. 
5. Concentrates up to 40±70% oil and solids can be obtained by UF or MF. Since most 
oily wastes contain 0.1±1% oil, this means that the volume of waste to be subsequently 
transported away or treated is reduced to 1/40±1/200 of the initial feed volume. 
6. Membrane equipment has a smaller footprint. 
7. Energy costs are lower compared to thermal treatments. 
8. The plant can be highly automated and does not require highly skilled operators. 
 
2.3.1 MEMBRANE STRUCTURE 
Two membrane structures are commercially available today: asymmetric and thin-film 
composite. 
The asymmetric structures (Figure 2.2) have dense surface skins on porous sublayers, 
and have the same chemical compositions. Loeb and Sourirajan found that when the 
rough-side faced the feed the rejection was low, but when the smooth-side faced the 
feed the rejection was high [21]. Their major advantage is the cost. Asymmetric 
membranes are mostly fabricated by a process called phase-inversion, which can be 
achieved through four principal methods: immersion-precipitation (wet phase 
inversion), vapour-induced phase separation, thermally induced phase separation, and 
dry-casting. 
In these techniques, an initially homogeneous polymer solution becomes 
thermodynamically-unstable and the main phase separates into polymer-lean and 
polymer-rich phases. The structures of these types of membranes are greatly 
influenced by any even slight-changes during membrane preparation conditions [23]. 
Zirconia membranes, employed in separation processes with a pressure gradient, 
consist of a thin separation layer, and a porous carrier serving as a support. The most 
frequently used configuration is an asymmetric composite membrane. In asymmetric 
membranes, instead of an alumina layer, zirconia can be used as an intermediate 
layer, or can be used as a UF membrane [24]. 
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Figure 2.2: Behaviour of asymmetric membranes [15]. 
 
Thin-film composite membranes (Figure 2.3) have thick and porous support layers and 
ultrathin barrier layers coated on top. The porous support only provides mechanical 
strength to the membrane; it has no separation capabilities. The thin layer provides 
separation characteristics inherent in a membrane. The major advantage of thin-film 
composite membranes is that each layer can be optimized independently. Thus, these 
membranes generally have higher salt rejection than asymmetric membranes. Other 
advantages include a much wider feed pH range, less susceptibility to microbiological 
attack, and better hydraulic stability [21]. 
 
 
 
Figure 2.3: Thin-film composite membranes´ configuration [15]. 
 
2.3.2 MODULE DESIGN 
UF techniques are generally classified on the basis of processed feed suspension´s 
directional flow. In theory, all components in suspension that are smaller than the 
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membrane´s pore size will pass through the membrane, and particles larger than the 
pores will be retained on the upstream-side of the membrane. The mode of operation 
chosen is based on the nature of the feed solution. Dead-end filtration systems are 
usually of simples configurations than cross-flow systems and require less capital 
outlay and maintenance costs. However, filtration performance is often poor in dead-
end modes due to the high resistance to filtrate flow by the rejected material. Thus, 
dead-end configuration is only a viable option when particle loading in the feed is low, 
for example in the purification of gases or in clarification of filtration media. Cross-flow 
filtration is preferred for the loading of higher solids and when performance in the dead-
end mode is poor [15]. 
 
Dead-End Filtration 
In dead-end filtration, the feed suspension flows perpendicularly to the membrane. Any 
solids in the feed that are larger than the pore size of the membrane are deposited on 
the membrane surface, forming a cake of solids. The liquid that passes through the 
membrane is called permeate, as shown in Figure 2.4. 
 
 
Figure 2.4: Dead-end filtration [15]. 
 
Most dead-end filtration processes are carried out in batch mode and, therefore, the 
mass of the filter cake grows until all the particles are deposited, or until the capacity of 
the filter has been reached, in which case further filtration is impossible. The filtration 
rate decreases with filtration time due to the hydraulic resistance of the filter cake. 
 
Cross-flow Filtration 
In cross-flow filtration (Figure 2.5), the feed suspension flows tangentially to the 
membrane surface. Cross-flow is operated using two effluent streams: a permeate 
stream (or filtrate stream) and a retentate stream. Only part of the feed suspension 
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passes through the medium as a recovered product (permeate), whilst the other part 
flows tangentially along the membrane surface (retentate). 
 
Figure 2.5: Cross-flow filtration [15]. 
 
Cross-flow filtration is usually carried out using stacked sheet, hollow fibre, or tubular 
membrane configurations. Hollow fibre and tubular modules have a shell-and-tube type 
configuration but the differences are that hollow fibre modules usually consist of a 
greater number of tubes with a smaller diameter than those used in tubular modules. 
Stacked sheet modules may have flat sheet or spirally-wound configurations. Fluid flow 
in stacked sheet and hollow fibre modules is nominally laminar, an issue which 
becomes of importance when filtering shear sensitive cells. However, care must be 
taken, as the presence of spacer screens in these systems can act as turbulence 
promoters. Flow is usually turbulent in tubular-flow modules, which can result in 
improved fluxes but the small membrane area per unit of volume in these system can 
offset this advantage [15]. 
A very interesting hybrid system exists. This is the hybrid dead-end/cross-flow system 
(semi dead-end). The advantage of dead-end systems is the high recovery, the feed 
completely passes the membrane. However, it is acknowledged that a tremendous flux 
decline is obtained in case of MF and UF. On the other hand, cross-flow systems allow 
for a much better fouling control but the recovery is much lower. A hybrid dead-
end/cross flow process which is also called a semi dead-end system may combine the 
advantages of both processes [15]. 
The feed flows to the system through the bore of the capillaries and the permeate is 
collected in a central tube. The flux will decline due to fouling and, after a certain period 
of time, back-flushing occurs from the backwash pump through the central tube. Then 
the backflush valve is closed whilst the feed is pressurised again and the process is 
then repeated. In this way a high flux can be achieved continuously at very high 
recovery. 
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2.3.3 FLUX MODELS 
The permeate flux J, is an important parameter in design and analysis in regard to the 
economic feasibility of the UF separation process. The hydrodynamics of membrane 
modules have an important effect on the mass transfer, separation, and fouling 
behaviour of membrane systems. 
Generally, the pure solvent transported through porous UF membranes is directly 
proportional to the applied TMP. Those models used to describe the convective flow 
(J0) are the Kozeny-Carman and Hagen- Poiseuille equations, obtained from [2-1]: 
 
mR
TMPJ
0
0 η
=    [2-2] 
 
Where,  
− J0, is the convective flow, L m-2 s-1, 
− TMP, is the transmembrane pressure, Pa, 
− η0, is the solvent viscosity, Pa s, 
− Rm is the intrinsic resistance of the clean membrane, m-1. 
 
When solutes are present, there is a permeate flux decline due to membrane fouling. A 
decrease in flux is a rather complex phenomenon involving the adsorption of 
macromolecules to the membrane surface and involves pore blocking, concentration 
polarization, and the formation of a gel-like cake layer within the membrane pores. 
Several models have been used to describe solute fouling, among them hydraulic 
resistance, osmotic pressure, gel polarization, and film models. 
Darcy’s Law (also known as the resistance-in-series theory) is widely used to relate the 
permeate flux (J) to the applied pressure and the fouling resistance: 
 
( )pm RR
TMPJ
+
=
´η
 [2-3] 
 
Where,  
− J, is the flow through the membrane, L m-2 s-1. 
− η, is the solution viscosity, Pa s. 
− R´m (Rm + Rf), is the intrinsic membrane resistance that includes the fouling 
layer resistance (Rf) due to specific membrane-solute interactions, m-1. 
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− Rp, is the polarization layer resistance, which consists of two resistances: Rg 
due to the gel-polarized layer and Rb due to the associate boundary layer, m-1. 
 
The intrinsic membrane resistance is unaffected by operating parameters, whereas the 
polarization layer resistance is a function of applied pressure [25]. When Rp is 
negligible, the filtrate flux is given by: 
 
( )fmm RR
TMP
R
TMPJ
+
==
ηη ´
 [2-4] 
 
The resistance can be related to the hydraulic permeability. The hydraulic permeability 
can be used to describe water throughput. This parameter is very useful when different 
processes or transmembrane pressures have to compared, as it is normalised by the, 
TMP [21]. 
 
The transmembrane pressure is given by: 
2
afterbefore PPTMP
+
=   [2-5] 
Where, 
- Pbefore, is the pressure before the ultrafiltration module, bar, 
- Pafter, is the pressure after the ultrafiltration module, bar. 
 
The flow can be obtained: 
t
Vq =
    [2-6] 
Where, 
- q, is flow, L/min, 
- V, is volume of the sample, L, 
- t, is time of the ultrafiltration, min. 
 
And, therefore, the flux: 
A
qJ =
    [2-7] 
Where, 
- J, is flux, L/h·m2 = LMH, 
- A, is membrane´s surface area, m2. 
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Another important parameter is selectivity. Selectivity is generally expressed by the 
rejection R. This definition is the apparent rejection calculated from the bulk 
concentration cb and the permeate concentration cp, for sample i. The true membrane 
rejection is higher due to concentration changes in the boundary layer. However, the 
concentration values in the boundary layer are inaccessible. 
 






−⋅=
bi
pi
i
c
c
R 1100   [2-8] 
Where, 
− cpi, is the permeate concentration, mol L-1, 
− cbi, is the bulk concentration, mol L-1. 
 
The volume reduction VR is defined as: 
 
0V
VVR P=    [2-9] 
Where,  
- Vp, is the permeate volume, L, 
- V0, is the initial feed volume, L. 
 
The fraction of a component that is found in the retentate, the recovery Rc, is given by 
[26]: 
( )( )Rc VRR −−= 11   [2-10] 
Where,   
- VR, is the volume reduction, 
- R, is the retention. 
   
The efficiency %R is calculated following [2.11]: 
1001%
0
⋅





−=
C
C
R p   [2-11] 
Where, 
- Cp, is the permeate concentration, mol L-1; 
- C0, is the initial concentration, mol L-1. 
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2.3.4 FOULING 
The performance of membrane operations is diminished by polarisation phenomena. 
Thus, in UF the actual flux through the membrane can only be a fraction of the pure 
water flux, whereas in pervaporation the effect is less severe. 
The flux at a finite time is always less than the original value regarding all polarisation 
phenomena (concentration, temperature polarisation),. When steady-state conditions 
have been attained any further decrease in flux will be unobserved. Polarisation 
phenomena are reversible processes but, in practice, a continuous decline in flux 
decline can often be observed [19]. 
Such continuous flux decline is the result of membrane fouling, which may be defined 
as the reversible or irreversible deposition of retained particles, colloids, emulsions, 
suspensions, macromolecules, salts, etc. on or in the membrane. This includes 
adsorption, pore blocking, precipitation and cake formation. 
Fouling occurs mainly in UF when using porous membranes which are implicitly 
susceptible to fouling. Fouling is virtually absent in pervaporation and gas separation 
using dense membranes. Therefore, pressure driven processes will be emphasized but 
here also, the types of separation problems and the types of membranes used in these 
processes determine the extent of fouling. Roughly, three types of foulant 
distinguishable: 
- Organic precipitates (macromolecules, biological substances, etc.) 
- Inorganic precipitates (metal hydroxides, calcium salts, etc.) 
- Particulates. 
The phenomenon of fouling is very complex and difficult to describe theoretically. Even 
for a given solution, fouling will depend on physical and chemical parameters, such as 
concentration, temperature, pH, ionic strength, and specific interactions (hydrogen 
bonding, dipole-dipole interactions) [20]. 
Membrane fouling depends on the interactions between solutes and membrane, 
membrane properties, salts present, pH, temperature, and the shear stress and 
pressure. It can be explained as follows: the macromolecules adhere to the walls of the 
membrane pores, reducing the pore diameter, and are also deposited on the 
membrane surface, forming a layer that becomes the dominant resistance to flow [27]. 
Two classes of fouling may be defined [28]: 
- Internal membrane fouling, which consists of the material´s attachment within 
the membrane´s internal pore structure or directly to the membrane´s surface 
due to adsorption, precipitation, pore plugging, adhesion, etc. 
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- External cake-fouling, which consists of the formation of a stagnant cake-layer 
on the membrane´s surface due to concentration polarization during filtration. 
 
One of the ways fouling occurs is concentration polarization. Concentration polarization 
is a boundary layer phenomenon in which those solutes retained by the membrane, 
accumulate on the membranes´ surface. During the membrane separation process, 
solvents and solutes are transported to the membrane´s surface. As the solvents and 
permeable solutes pass through the membrane, the concentration of retained solutes 
increases until a critical concentration is reached, and a steady-state established. At 
this point, the convective transportation rate of these solutes to the membrane´s 
surface equals the diffusion transportation rate of those solutes out of the boundary 
layer. 
Cross-flow uses filtration, assuming that the fluid flowing across the membrane is in 
turbulent flow and that the solute concentration within the bulk flow region is uniform. 
Furthermore, it is assumed that a very thin laminar boundary layer exists adjacent to 
the membrane surface. Under the influence of a transmembrane pressure gradient, 
water and solute will be forced to flow across this boundary layer, in order to pass 
through the membrane. If the membrane, however, completely retains the solute, the 
solute concentration adjacent to the membrane will have to increase as a natural 
consequence of the solvent´s removal. These results in the development of a 
concentration gradient across the boundary layer, with maximum solute concentration 
located adjacent to the membrane surface. This concentration gradient is referred to as 
concentration polarization, or gel layer formation, as shown in Figure 2.6. 
 
The concentration polarization boundary layer usually produces two adverse effects: 
- a reduction in flux and, 
- a change in particle selectivity.  
 
The boundary layer resistance to permeation can become much larger than that of the 
membrane, and thus significantly reduces flux. As the concentration of retained solutes 
increases at the membrane´s surface, the pressure required for permeation of the 
solvent and permeable solutes through this layer also increases. As a result, 
membrane system separation capability is adversely affected [21]. 
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Figure 2.6: Schematic representation of concentration polarization without gel 
formation [29]. 
 
Under steady-state conditions, the convective flux through the polarization layer near 
the membrane is opposed to the solute´s counter diffusion: 
0=





+−
dx
dCDJCJC e  [2-12] 
Where,   
− J, is the flux through the membrane, 
− D, is the solute diffusion coefficient, 
− C, is the solute concentration in the boundary layer, 
− dx, is the distance to the membrane at each moment. 
 
Solving this differential equation within the limits: 
 
b
m
CCx
CCx
=→=
=→=
δ
0
 
 
gives: 








−
−
⋅=
pb
pm
CC
CCDJ lnδ  [2-13] 
Where, 
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− J, is the flux through the membrane, L m-2 h-1, 
− δ, is the boundary layer thickness, m, 
− Cm, is the concentration in the membrane, mol L-1, 
− Cb, is the concentration at δ, mol L-1, 
− Cp, is the concentration in the permeate, mol L-1. 
   
This equation represents the gel-polarization model, which is the widely accepted 
model for concentration polarization. It is divided into two regions; in the first region the 
concentration polarization modulus, Cm/Cb is low enough for the wall concentration, Cw 
to be lower than the gel concentration (pre-gel-polarization region). In the case of a 
zero rejection membrane (JCe = 0) and a constant diffusion coefficient, the equation 
gives 






⋅=





=
b
m
b
m
C
Ck
C
CDJ lnlnδ   [2-14] 
Where,  
− J, is the flux through the membrane, L m-2 h-1, 
− Cm, is the concentration in the membrane, mol L-1, 
− Cb, is the concentration at δ, mol L-1, 
− k, is the mass transfer constant. 
For a laminar-flow or stirred-cell system, Cm is an average value for the system. 
 
In the second region, the wall concentration has reached the limiting gel concentration, 
Cg (gel-polarization region). All further build-up of solute must occur by a thickening of 
the gel layer at the membrane surface [27]. The equation can then be transformed as 
follows: 






⋅=
b
g
C
C
kJ ln    [2-15] 
Where,  
− J, is the flux through the membrane, L m-2 h-1, 
− Cg, is the concentration in the gel polarization region, mol L-1, 
− Cb, is the concentration at δ, mol L-1, 
− k, is the mass transfer constant. 
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Figure 2.7: Schematic representation of concentration polarization, adsorption, pore-
blocking and gel layer. 
 
 
The degree of fouling of a membrane can be expressed by [2]:  
100%
0
0
⋅




 −
=
J
JJ
Fouling ss  [2-16] 
where  
− J0, is the initial pure water flux, LMH, 
− Jss, is the steady-state flux, which was calculated on the basis of the permeate 
velocity of stabilized flux, LMH. 
 
2.3.5 MODIFIED FOULING INDEX 
The Modified Fouling Index (MFI) was developed based on Darcy´s Law, which relates 
the flux to the thickness of the cake-layer. The total resistance to flow is the sum of the 
filter (Rm) and cake resistance (Rc). Thus, any change in the flux (dV/dt) is related to 
the applied pressure (∆P) through the total resistance (Rm+Rc), as follows: 
 
( )cm
m
RR
ATMP
dt
dV
+
=
µ
  [2-17] 
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 21 
VMFIaQ ⋅+=
1
   [2-20] 
Where, 
− V, is the total permeate produced, L, 
− TMP, is the transmembrane pressure, Pa, 
− µ, is the dynamic viscosity of water, Pa s, 
− Am, is the membrane area, m, 
− Rm, is the membrane/filter resistance, m-1, 
− Rc, is the cake layer resistance, m-1, 
− α, is the specific cake resistance, 
- Cb, is the concentration of particles, mol L-1, 
- Q, is the average flow, L sec-1, 
- a, is a constant, sec L-1. 
 
The above equations predict that a linear relationship exists between t/V and V during 
cake-filtration. The slope of the linear region is the MFI. A typical filtration curve is 
formed by three different regions, as shown in the next figure. As can be seen in Figure 
2.8, the first region represents pore-blocking (blocking filtration), the second region 
represents cake-filtration, and the third region represents cake-filtration with 
compression and/or clogging. The slope in the linear region (cake filtration) represents 
MFI.
 
Figure 2.8: Three dominant filtration mechanism: blocking filtration, cake filtration, and 
cake filtration with clogging. 
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2.3.6 CLEANING METHODS 
The main aim of UF membrane systems is to obtain the required water purification as 
economically as possible at acceptable flux rates. The realisation of this goal in the 
direct treatment of effluents is, however, severely hampered by membrane fouling [31]. 
The fouled membrane modules have to be replaced frequently in order to meet the 
recycling requirement of wastewater, thus causing increased costs for the membrane 
system. Therefore, it is imperious to investigate membrane fouling and cleaning during 
the UF process [30]. The fouling problem has been approached previously from a 
number of different angles which have included: the optimisation of flow conditions, 
pre-treatment of the effluent, the production of membranes with reduced adsorptive 
properties, the optimisation of operational factors and the use of high-quality rinse-
water. All these methods yielded moderately satisfying results but at a relatively high 
cost. An alternative approach to the fouling problem would be to reduce pre-treatment 
to minimum acceptable levels and to introduce extensive, yet simple, membrane-
cleaning protocols. 
Membranes are normally cleaned by a combination of mechanical and/or chemical 
and/or biological methods using alkalis, acids, surface-active agents, sequestering 
agents, disinfectants and enzymes, as cleaning agents [31]. 
Cleaning efficiency is normally evaluated using flux measurements before and after 
cleaning, and based on flux recovery or resistance removal by the cleaning process 
[32]. 
The important cleaning parameters which vary with foulant and membrane material 
are: type of cleaning agent, pH, concentration, temperature and time. However, as a 
rule, mineral deposits are removed by acidic solutions and organic compounds by 
alkaline solutions. For some foulants, it is necessary to use different chemicals in 
succession in order to obtain a satisfactory cleaning result. If polysulphone membranes 
are used, a final alkaline cleaning is often carried out to improve the flux [33]. 
 
2.4 ANALYTICAL METHODS 
UV/VIS Spectroscopy 
Most of the UV/VIS spectra are obtained by measuring absorption intensity of 
monochromatic radiation across a range of wavelengths passing through a solution in a 
cuvette within a wavelength region of 190 nm to 780 nm, where the wavelength of 
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Visible Light (VIS) is between 780 nm and 400 nm, while the near-ultraviolet (UV) 
spectrum extends from 400 nm to about 190 nm [34]. 
 
 
Figure 2.9: Schematic representation of UV/VIS spectroscopy process. 
 
The absorption of UV or visible radiation corresponds to the excitation of outer 
electrons. There are three types of electronic transition which can be considered as 
[12]: 
- Transitions involving π, σ and n electrons 
- Transitions involving charge-transfer electrons and 
- Transitions involving d and f electrons 
When an atom or molecule absorbs energy, electrons are promoted from their ground 
state to an excited state. In a molecule, the atoms can rotate and vibrate with respect 
to each other. These vibrations and rotations also have discrete energy levels, which 
can be considered as being packed on top of each electronic level. 
The Beer-Lambert Law forms the mathematical-physical basis for the light-absorption 
measurement of gases and solutions. According to this law, the intensity of incident 
light decreases exponentially on its way through the sample in proportion to the 
average concentration of the solute molecules: 
pCpl
LB II
ε−
−
⋅= 100  [2-21] 
 
This equation gives the well-known expression for sample absorption: 
lC
I
I
A PP
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LB ε=





=
−
−
0log   [2-22] 
Where, 
- ε, is the extinction coefficient, mol-1 L cm-1, 
- l, is the solution path length, cm, 
- CP, is the concentration, mol L-1. 
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Figure 2.10. shows the components of a typical UV-VIS spectrometer: 
 
 
Figure 2.10: Components of a typical spectrometer. 
 
A beam of light from a visible and/or UV light source is separated into its component 
wavelengths by a prism, or diffraction grating. Each monochromatic beam, in turn, is 
split into two equal intensity beams by a half-mirrored device. One beam, the sample 
beam, passes through a small transparent container called a cuvette, containing a 
solution of the compound being studied in a transparent solvent. The other beam, the 
reference, passes through an identical cuvette containing only the solvent. The 
intensities of these light beams are then measured by electronic detectors, and 
compared. The intensity of the reference beam, which should have suffered little or no 
light absorption, is defined as I0.  
The intensity of the sample beam is defined as I. Over a short period of time, the 
spectrometer automatically scans all the component wavelengths in the manner 
described. The ultraviolet (UV) region scanned is normally from 190 to 400 nm, and the 
visible portion is from 400 to 780 nm. 
If the sample compound does not absorb the light of a given wavelength, I is I0. 
However, if the sample compound absorbs light then I is less than I0, and this 
difference may be plotted on a graph versus wavelength. Absorption may be presented 
as transmittance (
0I
IT = ) or absorbance (
I
IA 0log= ). If no absorption has occurred, 
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T = 1.0 and A= 0. The wavelength of maximum absorbance is a characteristic value, 
designated as λmax. 
Different compounds may have very different absorption maxima and absorbances. 
Intensely absorbing compounds must be examined in a diluted solution, so that 
significant light energy is received by the detector, and this requires the use of 
completely transparent (non-absorbing) solvents. Solvents having double or triple 
bonds, or heavy atoms are generally avoided. Because the absorbance of a sample 
will be proportional to its molar concentration in the sample cuvette, a corrected 
absorption value known as the molar absorptivity is used when comparing the spectra 
of different compounds [35]. 
 
Conductivity 
When two inert electrodes are immersed in a solution and a potential is applied across 
them, a current will be produced in the external circuit that connects the two electrodes.  
The mechanism of electrical communication between the two electrodes in the solution 
is the movement of ions in the solution [12]. When no appreciable solution electrolysis 
occurs, the magnitude of the current observed generally obeys Ohm´s Law:  
I
UR =     [2-23] 
Where, 
- R, is resistance, Ω, 
- U, is potential, V, 
- I, is current, A. 
 
Solution resistance: 
The higher the concentration of ions present in the solution, the lower the resistance 
will be. If a strong electrolyte (i.e. fully dissociable salt) like KCl is dissolved in water, 
the number of ions per unit volume increases and the solution resistance R is lowered, 
thus increasing the instantaneous current measured for a particular applied potential.  
Therefore, current can be related to the concentration of ions in a particular solution. 
The measured resistance for a solution relates to the distance between the electrodes 
(l) and the macroscopic surface area of each electrode, the identities of the ions also 
affecting R [36]. The resistance is defined: 
A
lR ⋅= ρ     [2-24] 
Where, 
- ρ, is the resistivity per unit cell (a material/solution property), Ω, 
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- l, is the length, cm, 
- A, is the cross-sectional area, cm2. 
 
Solution conductance: 
The reciprocal of solution resistance is called the conductance of a solution, 
symbolized by the letter S (or L). It is expressed in S.I. units called Siemens (S or 1/Ω) 
although older literature may refer to an equivalent unit called the ohm (Ω-1): 
R
S 1=      [2-25] 
Where, 
- S, is the conductance, S, 
- R, is the solution´s resistance, Ω. 
 
The measured conductance for a solution relates to the distance between the 
electrodes (l) and the microscopic surface area (geometric area× roughness factor) of 
each electrode (A); assumed identical for the two electrodes), as well as the ionic 
concentration. It is known that 
l
AS ⋅=
ρ
1
    [2-26] 
Where 
k=
ρ
1
     [2-27] 
 
The quantity, k, is called conductivity and contains all the chemical information 
available from the measurements (e.g. concentrations and mobilities of the ions 
present) [25]. The ratio d/A is a constant for a particular measurement cell, and is 
hence referred to as the cell constant, θ. Therefore 
θ⋅= Sk     [2-28] 
Where 
- θ, is the cell constant, cm, 
- k, is conductivity, S cm-1, 
- S, is the conductance, S. 
 
The conductivity, k, is an intrinsic property of a solution, rather than a property of the 
conductance cell used. However, for detection purposes in liquid chromatography or in 
determining equivalence points during titrations, only relative changes are of interest 
(rather than absolute values); hence, the conductance, S, maybe reported instead of k. 
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Since the charge on the ions in solution facilitates the conductance of electrical current, 
the conductivity of a solution is proportional to its ion concentration. 
The basic unit of measurement for conductivity is the Siemens (S). Since cell geometry 
affects conductivity values, standardized measurements are expressed in specific 
conductivity units (S/cm) to compensate for variations in electrode dimensions. 
Conductivity measurements are temperature-dependent. The degree to which 
temperature affects conductivity varies from solution to solution, and can be calculated 
[21]. 
 
pH 
pH was originally defined by Sørensen in 1909 in terms of the concentration of 
hydrogen ions as pH = - lg (cH/c0) where cH is the hydrogen ion concentration in mol 
dm-3, and c0 = 1 mol dm-3. Subsequently, it has been accepted that it is more 
satisfactory to define pH in terms of the relative activity of hydrogen ions in solution. 
 
Turbidity 
Turbidity is a measurement of the degree to which the water loses its transparency due 
to the presence of suspended particulates. The more totally-suspended solids in the 
water, the murkier it seems, and the higher the turbidity. Turbidity is considered as a 
good measure of the quality of water.  
Fluids can contain suspended solid matter consisting of particles of many different 
sizes. While some suspended material will be large enough and heavy enough to settle 
rapidly at the bottom if the sample is left to stand, very small particles will only settle 
very slowly or not at all if the sample is regularly agitated or the particles are colloidal. 
These small solid particles cause the liquid to appear turbid. 
 
The suspended particles absorb heat from the sunlight, making turbid waters become 
warmer, and so reducing the concentration of oxygen in the water (oxygen dissolves 
better in colder water), comes a problem for some organisms, which can’t survive in 
warmer water.  
The suspended particles scatter the light, thus decreasing the photosynthetic activities 
of plants and algae, which contribute to a lowering of the oxygen concentration even 
more. 
Turbidity is measured in NTU: Nephelometric Turbidity Units. The instrument used for 
measuring it is called a nephelometer or turbidimeter, which measures the intensity of 
light scattered at 90 degrees as a beam of light passes through a water sample [37]. 
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COD 
The chemical oxygen demand (COD) of water, as determined by the dichromate 
method, can be considered as an approximate measurement of the theoretical oxygen 
demand, i.e. the amount of oxygen consumed during the total chemical oxidation of 
organic constituents to inorganic end-products. Therefore, COD is the mass 
concentration of oxygen equivalent to the amount of dichromate consumed by 
dissolved and suspended matter when a water sample is treated with this oxidant 
under defined conditions. A dichromate reflection method, with potassium dichromate 
as oxidant, was used and the principle is shown below. 
The determination of COD is based on the oxidation of organic compounds with 
sulphuric acid, and a silver catalyst. 
Dichromate is present in reactive mixture and is reduced by oxidizable material. 
[ ] OHCrHeOCr Âg 23272 72146 + →++ ++−−
+
 
The dichromate which remains after titration with ammonium iron (II) sulphate is 
determined: 
OHFeCrHFeOCr 2
3322
72 762146 ++→++
++++−
 
The interruption of chlorine ions is prevented by the addition of mercury (II)-sulphate. 
 
[ ] −−+ →+ 242 4 HgClClHg  
 
 29 
3 EXPERIMENTAL SECTION 
3.1 UF PILOT PLANT OPERATION 
The wastewater in the feed tank is pumped to the ultrafiltration membrane (see Figure 
3.1). The feed is separated in permeate and retentate. Permeate is recollected in the 
filtrate tank. Retentate is returned to the feed tank for recycling through the module. 
The contaminant concentration in the feed tank increases steadily over operational 
time. Pressure and temperature measurements were obtained from thermocouples and 
pressure transducers located at the membrane inlet and outlet. The membranes were 
reused after some operations, following an elaborate chemical cleaning procedure. 
 
Figure 3.1: Picture of the UF pilot plant. 
The schematic representation of the pilot plant is shown in the Figure 3.2:
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Figure 3.2: Schematic representation of the UF pilot plant installed in Hidria Rotomatika d.o.o. (Koper, Slovenia).
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The operational procedure of the pilot plant consists of: 
First, pump PK 11 must be plugged in and the working tank B 11 filled up to the 
800 litres mark with wastewater. Then, valves VK 21 and VK 23 must be set at the 
position ‘operation’, and VK 11 opened below. Then, pump PK 21 is set at the 
‘AUTO’ position on the electrical control board, and using valve VM 21, the flow 
must be set at FI 23 to 14 m3/h, barometer PI 22 should be at 2 bar and barometer 
PI 23 indicate 1 bar, both approximately. 
The permeate-flow must be noted at indicator FI 41 and the temperature at 
indicator TI 23. The temperature can not exceed 45ºC. Below, the permeate pump 
PK 11 must be plugged in, and at a level of about 400 l in working tank B 11, 
pump PK 21 will be stopped by the level sensor LS 11 automatically. Then, pump 
PK 21 must be switched off or working tank B 11 refilled (the filtration should work 
continuously), and the levels of B 11 must be noted before and after refilling. The 
permeate-flow in indicator FI 41 and temperature TI 23 must be noted after 
restarting. Next, working tank B 11 must be emptied completely after 5 batch 
cycles (4 times of refilling) by opening the valve VK 12. 
Before any interruption of the operation or chemical cleaning, valve VK 21 must 
be set to position ‘cleaning’ (water from permeate tank B 41, flushing water goes 
to B 11). Then, valve PK 21 must be set at position ‘man’ on the electrical control 
board until the level in permeate tank B 41 is at the “min” mark. 
For chemical cleaning, we must act after rinsing. First, B 41 must be filled with tap 
water up to 120 l and 5 l of membrane cleaner added. Then, valve VK 23 must be 
set to ‘cleaning’ position, pump PK 21 to ‘man’ position on the electrical control 
board. Pump PK 21 must be kept running for 1.5 hours or until temperature 
indicator TI 23 shows 45ºC. The temperature can not exceed 45ºC. Below, pump 
PK 21 must be stopped for 30 min and valve VM 41 closed. Pump PK 21 must run 
for another 15 min and valve VK 23 set to position ‘operation’. Then, pump PK 21 
must be set to ‘man’ position until the level of permeate tank B 41 is at the ‘min’ 
mark. The next step is to go to ‘operation’ or rinse again with tap water over a 
longer shutdown. 
Detailed photos of the pilot plant are shown in Figures 3.3 to 3.10. 
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Figure 3.3: Working batch tank. 
 
The valves VK11 and VK12, and the Working-Batch-Tank B11 can be seen in 
Figure 3.3. The wastewater is collected in B11 to its treatment with the UF 
membrane. The valve VK 11 must be opened for operating and closed for refilling 
working tank B11. Valve VK12 is used to empty B11 when the operation is 
finished. It is done after 5 batch cycles. 
B11 
VK11 
VK12 
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Figure 3.4: VK21 valve. 
 
Valve VK21 is a three-way valve which determines whether the operation will be 
filtration or cleaning. When operation is required, the valve is put in the ‘operation 
position’ to allow the wastewater to flow to the UF membrane. When cleaning is 
required, the valve must be put in the ‘cleaning position’ to let the tap water and 
the membrane cleaner flow to the UF membrane. 
VK21 
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Figure 3.5: PK 21 pump. 
 
PK21 pumps the wastewater through the UF membrane. When the cleaning 
operation is running, PK21 pumps the tap water containing the membrane 
cleaner, which is added in filtrate tank B41. 
Valve VM21 is used to set the flow of the retentate after the UF membrane. 
Pressure indicators PI21 and PI22 determine the pressure drop in the valve 
VM21, by calculating the differences between their measurements. The pressure 
in pressure indicator PI21 can not be higher than 4.5 bar, and in PI22 than 2 bar. 
PK21 
PI21 
VM21 
PI22 
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Figure 3.6: VP22 and VM22 are valves in parallel. 
 
VP22 and VM22 are valves in parallel. Their purpose is to regulate the flux more 
easily, if necessary. PS22 is a sensor of pressure. This measurement is the 
pressure at the entrance of the UF membrane. 
VP22 
VM22 
PS22 
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Figure 3.7: UF module. 
 
The wastewater passes through the UF-Module, and is separated into two flows: 
one being the permeate (filtered flow). This filtered flow is guided to the filtrate 
tank B41. The second is the retentate flow, which goes back to the Working-Batch 
Tank B11 to be filtered again. 
UF module 
Permeate 
Retentate 
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Figure 3.8: TI23, FI23 and PI23 are the temperature, flow and pressure 
indicators. 
 
TI23, FI23 and PI23 are the temperature, flow and pressure indicators after the 
UF-Module. The pressure in PI23 is 0.9 bar, and the temperature must not be 
higher than 45ºC. The flow must be set using valve VM21, and its value must be 
around 14 m3/h. 
TI23 
FI23 
 PI23 
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Figure 3.9: VK23 is a three-way valve. 
 
VK23 is a three-way valve which is opened or closed depending on the kind of 
operation (filtering or cleaning) being run.  
FI41 is a permeate flow indicator, and VM41 is a valve which regulates the 
permeate flow after the UF-Module. 
VK23 
VM41 
FI41 
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Figure 3.10: VK51 regulates the flow during the cleaning operation. 
 
VK51 regulates the flow in the cleaning operation, when the valve VK21 is in the 
cleaning position. 
 
3.2 MONITORING  
The sampling was collated at the Hidria Rotomatika d.o.o. Company (Koper, 
Slovenia) where a polymeric membrane ultrafiltration pilot plant is installed. It was 
carried out during normal operational time. Certain other data, such as the levels 
in the tank before and after filling, the TMP, permeate flow and the temperature 
were recorded. This operation was repeated for several days with the purpose of 
discovering the pilot plant conditions for an optimal operation. 
 
The first samples analyzed contained the feed wastewater, before the pilot plant 
started working. Each sample contained 1.5 litres of wastewater and were taken 
during three different periods: November 9th and 26th, and December 11th, as 
presented in Table 1. 
 
VK51 
Filtrate Tank 
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Table 13: Data about samples. 
Sample 
Date of  
sampling in 
Hidria 
Date of  
measurement 
in FKKT 
Sample 
description 
Volume  
of samples 
(L) 
1 09/11/2009 10/11/2009 white oil-water 
emulsion 1,5 
2 09/11/2009 10/11/2009 white oil-water 
emulsion 1,5 
3 26/11/2009 26/11/2009 yellow oil-water 
emulsion 1,5 
4 26/11/2009 26/11/2009 yellow oil-water 
emulsion 1,5 
5 11/12/2009 14/12/2009 yellow oil-water 
emulsion 1,5 
 
When the pilot plant began working, three stages of sampling were received from 
Koper: 
- Group 1: From January 13th to 19th. 
- Group 2: From January 21st  to February 1st.  
- Group 3: From February 2nd to 11th. 
The samples consisted of inlet, outlet, and permeate. One sample had been 
collected at the inlet and recollected at the outlet. Permeates were recollected at 
each hour of the operation, finally choosing the middle one as being the most 
representative when determining parameters. 
 
Table 14: Data about groups of samples 1, 2 and 3. 
Group 
Date of  
sampling in 
Hidria 
Date of  
measurement in 
FKKT 
Sample 
description 
Volume  
of samples 
(L) 
1 19/01/2010 20/01/2010 
Inlet, outlet and 
permeate 
0,5 
2 01/02/2010 02/02/2010 
Inlet, outlet and 
permeate 
0,5 
3 11/02/2010 12/02/2010 
Inlet, outlet and 
permeate 
0,5 
 
3.3 ANALYTICAL PROCEDURE 
Table 3 shows different standards, methods and instruments used when 
determining the parameters. 
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Table 15: Standards, methods and instruments used when determining the 
parameters. 
Parameter Standard Method Instruments 
pH DIN 38 404  Electrometric 
pH-meter, MA 
5740 
Conductivity (mS) ISO 7888  Electrometric 
WTW 
Conductivity 
Meter LF 537. 
Turbidity (NTU) ISO 7027 Electrometric Turbidity meter 
2100P,HACH 
TSS (mg/L) ISO/DIS 11923 Filtration (0.45 µm) Balance ET-
1111 
Al+3 (mg/L) 
Rapid test 
Macherey-Nagel 
918 02 
Photometric Nanocolor set 
Fe+3 (mg/L) ISO 6332 Spectrophotometric Perkin Elmer 
NH4+ (mg/L) SIST ISO 7150-1 Spectrophotometric Perkin Elmer  
COD (mg O2/L) ISO 6060  Titration 
Termoblock 
Lovibond 
Absorbance ISO 7887 Spectrophotometric Perkin Elmer 
 
The analyses were carried out in line with ISO/DIN rules, and the limits complied 
with Slovenian Regulations. 
 
Table 16: Limits of the Slovenian Regulations [38]. 
Parameter 
Limits 
(discharge into environment) 
Limits 
(discharge into sewer) 
pH 6,5-9 6,5-9,5 
Temperature (ºC) 30 40 
TSS (mg/L) 50 (a) 
Al+3 (mg/L) 3.0 (b) 
Fe+2 (mg/L) 3.0 (b) 
COD (mg O2/L)  400 - 
Mineral oil (mg/L) 20 100 
(a) determined by WWTP management. 
(b) determined according to the TSS value. 
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There are no limits in the Slovenian Regulations for conductivity, turbidity and 
NH4+. 
 
Determination of pH 
- The probe and meter calibration was done according to the manufacturer’s 
directions. Two buffers (pH 4 and 7) were used. 
- The sample was collected in a glass container. Enough sample water was 
collected so that the tip of the probe could be submerged. The probe was 
rinsed with distilled water before placing it in the sample. 
- The probe was placed in the sample and we waited for the meter to 
equilibrate. The meter was come to equilibrium when the signal became 
steady. The probe was gently stirred in order to lessen the time to 
equilibrate. 
- pH was read directly from the meter according to the manufacturer’s 
directions. 
- When it was finished, the instrument was cleaned and dried. Then, 
covered. 
Determination of conductivity 
The conductivimeter was used to know the conductivity. After each measurement, 
cleaned with distilled water. 
 
Determination of turbidity 
The turbidity was determined directly from the turbidimeter. A piece of sample was 
taken and put into a flask to be measured. 
 
TSS 
Procedure: 
− Wet the filters. 
− Place the filter in the oven to dry for at least 1 hour at 105° C. 
− Transfer the dried filter to a desiccator to cool for 1 hour. 
− Weigh the filter (at room temperature) on an analytical balance. Record the 
weight. 
− Filter the sample. 
− Place the used filter in the oven to dry for at least 1 hour at 105° C. 
− Put the used filter in the desiccator for 1 hour. 
− Weigh the used filter. Record the weight. 
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− The difference between weight before and after filtration is the weight of 
total suspended solids. 
 
Determination of Al+3 
A rapid test, called NANOCOLOR was used to determine the amount of 
aluminium in the samples. Four reagents were added to 20 mL of sample. Later, 
after doing the blind sample, were measured in the spectrometer at wavelength of 
540 nm. First of all, a calibration curve was done. 
 
Determination of Fe+2 
The amount of iron present in the sample is determined by reacting the iron with 
1,10-phenanthroline to form a colored complex: 
 
 
Figure 3.11: Schematic presentation of the reaction between the iron with 1,10-
phenanthroline 
 
Reagents: 
- NH4ClO: 
10 g (NH4ClO)/100mL water 
- 1,10-phenanthroline (C12H8N2xH2O): 
0.1 g (C12H8N2xH2O) add into 10 mL etanol/100 mL water. 
- 1 mol/L H2SO4 
 
Procedure: 
Take 50 mL of the sample and transfer it to a 100 mL flask, add 1 mL H2SO4 (1 
mol/L), 1 mL NH4ClO. After 5 minutes add 1 mL of 1,10-phenanthroline 
(C12H8N2xH2O) and 0.5 mL concentrated (NH4). Then make up to the mark with 
water. After 10 minutes measure the absorbance of the solution using the 
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spectrometer at 510 nm with water in the reference cell. It is necessary the 
standarization of the spectrometer. 
 
Determination of NH4+ 
Determination of ammonium (NH4+) is based on a Berthelot´s reaction, where 
phenolic derivative (salicylate) in presence of ammonium and hypochlorite with 
nitroprusside as catalyser forms a dye. In alkaline medium is formed indofenolous 
derivative blue-green coloured and has maximum absorption top at wavelength 
660 nm.  
 
Reagents: 
Solution 1 (1000 mL): 
- 130 g of C7H5O3Na 
- 130g of C6H5O7Na3x2H2O dissolve in 50 mL of water. 
- Add 0.97g of C5FeN6Na2Ox2H2O and dilute on 1000 mL 
Solution 2 (1000 mL): 
- 32 g NaOH dissolve in 50 mL of water, cool down 
- Add 2.327 g C3N3Cl2O3Nax2H2O and dilute on 1000 mL 
 
Procedure: 
Take 50 mL of the sample and transfer it to a 100 mL flask. During mixing, slowly 
add 4 mL of solution 1 and 4 mL of solution 2. Wait for between 1 and 3 hours and 
then measure the absorbance of the solution using the spectrometer at 655 nm 
with water (blind sample; do the same thing, only instead of 50 mL of sample, 
must take the water) in the reference cell. It is necessary the standarization of the 
spectrometer. 
If the sample has a lot of suspended solids, we must filter it, so that the 
spectrometer measurement can be correct. 
 
Determination of COD 
Reagents: 
- c (K2Cr2O7) = 0.040 mol/L 
Dissolve 80 g of HgSO4 in 800 mL of H2O. Add 11.768 g of K2Cr2O7 (dry 2h at 
105ºC). The solution is transported into a 1000 mL volumetric flask and made up 
to the mark with water. 
- Ag2SO4 
Add 10 g of Ag2SO4 to 35 mL of H2O and slowly add 965 mL of H2SO4. 
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- c(H2SO4) = 4 mol/L 
Add 220 mL of H2SO4 to 500 mL of water and make up to the mark with water 
(1000 mL). 
- c ((NH4)2Fe(SO4)2x6H2O) = 0.12 mol/L 
Dissolve 23.5g of ((NH4)2Fe(SO4)2x6H2O) in water, add 10 mL of conc. H2SO4. 
The solution cool down and then make up to the mark with water (500 mL). 
 
Procedure: 
Take 2.5 mL of sample, add 1.5 mL of 0.040 mol/L K2Cr2O7 and 3.5 mL of 
Ag2SO4. Do the same with blind sample (distillation water). Sample and blind 
sample put in a Termoprac TBGE instrument for 2 hours at 150ºC. Samples cool 
down and then titration carried out with ((NH4)2Fe(SO4)2x6H2O) (FAS), in the 
presence of indicator feroin. The colour changed from green-blue to red-brown. 
The same procedure was carried out with the blind sample. The result was given 
in mg oxygen per litre solution. 
Results: 





 −
⋅⋅=
0
218000
V
VV
cCOD    [3-1] 
Where: 
- C  Concentration of FAS (mol/L) 
- V0 Volume of test solution (mL) 
- V1 Volume of use FAS for blind sample (mL) 
- V2 Volume of use FAS for sample (mL) 
- 8000 Molar mass ½ O2 (g/mol) 
The samples were dilluted to make easier the measurements. 
Standardization of (NH4)2Fe(SO4)2 x 6H2O: 
2.5 mL reagent (K2Cr2O7 + H2SO4 + distillation water) was diluted with 100 mL 4M 
H2SO4, droplets of indicator feroin were added. The sample was titrated with 
(NH4)2Fe(SO4)2 x 6H2O and the concentration of FAS calculated: 
FAS
dicromateFAS V
cC 5.26 ⋅=   [3-2] 
Where: 
- cdicromate  Concentration of FAS (mol/L) 
- VFAS  Volume of FAS (mL) 
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Determination of mineral oils 
Put the white porcelain dish into the drying oven for 1h at 105ºC. After cooling 
down to room temperature in desiccator, weigh in the scales. 250 mL of sample 
extract with 10 mL of petroleum ether in separation funnel. Two phases arise: 
pour off the water. 
Add point of a knife of Na2SO4 and filter the solution through the filter paper into 
the white porcelain dish. The solvent must evaporate on the water bath and 
afterwards put white porcelain dish into the drying oven for one hour at 105ºC. 
Cool down in desiccator and weigh in the scales. The difference between the 
weight before and after is the amount of mineral oils in this volume of sample [39]. 
 
 47 
4 RESULTS AND DISCUSSION 
The experiments on the wastewater were divided into two parts: the first one 
concerned by some preliminary measurements of the wastewater, before the 
launch of the pilot plant, and the second composed of operational parameters and 
analytical measurements when the pilot plant was actually in operation. 
 
4.1 PRELIMINARY MEASUREMENTS OF WASTEWATER 
The samples taken during the preliminary stage where analyzed, in order to 
measure certain physical (pH, conductivity and TSS) and chemical parameters 
(NH4+, Fe+2 and COD). 
 
Table 17. Measurements for preliminary samples. 
Sample pH κ (mS/cm) TSS (mg/L) 
NH4+ 
(mg/L) 
Fe+2/+3 
(mg/L) 
COD  
(mgO2/L) 
1 7,53 2,93   2,3 34,3 12522 
2 5,44 0,92   2,7 29,3 8957 
3 6,34 1,6 652 0,5 22,9 6688 
4 5,43 1,12 324 0,3 14,1 7065 
5 5,9 1,58 1200 0,3 17,1 14710 
 
Table 5 shows the results obtained from the preliminary analysis of the 
wastewater. As can be seen, the values of the parameters measured Sample 1 
are higher than in the others. This means that the amount of contaminant in this 
wastewater was greater. 
 
4.2 PILOT PLANT 
When the pilot plant began operating, samples from the inlet, outlet and permeate 
were taken. The samples were divided into five cycles for improving the study.
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Between each cycle, the working tank was completely emptied, and then refilled 
with new wastewater. The different cycles were:  
Cycle 1: From January 5th to 8th. 
Cycle 2: From January 13th to 27th. 
Cycle 3: From February 1st to 10th. 
Cycle 4: February 11th. 
Cycle 5: February 15th. 
Cycles 4 and 5 covered only one day because of certain mistake in the operation 
of the pilot plant. The work tank had to be emptied and refilled with new 
wastewater. Detailed monitoring of pilot plant is given in the Appendix, from Table 
I to Table V 
 
4.2.1 PILOT PLANT OPERATION 
During monitoring, data relating to filtration time, volume of the filtrate per time, 
temperature of the wastewater and flux were determined out of the data that has 
been monitored directly in Koper where pilot plant was operated. All the details 
regarding that can be seen in the Appendix, from Table A7-1 to Table A7-5. 
When the temperature reached 45ºC, the filtration was stopped, as recommended 
by the membrane suppliers. 
In the charts, the most representative data are shown. 
The results obtained from the monitoring of cycle 1 are presented in Table 6. 
 
Table 18: Monitoring results for Cycle 1. 
Date t (min) Vp (L) T (°C) J (L/m2h) 
0 0 16 0 
120 90 23 54,9 
180 190 31 77,2 
240 260 36 79,2 
310 330 42 77,9 
325 350 43 78,8 
05/01/2010 
330 0 32 0 
0 0 25 0 
120 120 32 73,2 
240 220 37 67,1 
06/01/2010 
340 310 42 66,7 
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380 350 45 67,4 
0 0 26 0 
60 100 33 122 
150 200 40 97,6 
07/01/2010 
250 290 45 84,9 
0 0 26 0 
135 100 35 54,2 
250 190 39 55,6 
08/01/2010 
350 300 45 62,7 
 
Figure 4.1. presents the relationship between the flux and the filtration time for 
cycle 1 where the curve with full dots presents the water flux and with empty the 
emulsion flux for each day taken in cycle 1.  
0
20
40
60
80
100
120
140
0 50 100 150 200 250 300 350 400 450
t (min)
J 
(L
/m
2h
)
0
1
2
3
4
5
TM
P 
(b
ar
)
Flux_5.1 Flux_6.1
Flux_8.1. water flux
TMP
 
Figure 4.1: Flux vs. Filtration time for cycle 1. 
 
As shown in Figure 4.1, the flux on January 5th was increasing and then, it 
remained in a steady-state flux. It is illustrated that the fluxes finish at different 
filtration time. It is caused by the temperature. Conclusion of the operation is 
recommended by the suppliers when the temperature of the wastewater reaches 
45ºC. TMP is constant throughout the operation. Beside TMP, the pore size of a 
membrane are both factors that affect demulsification efficiency [40]. As can be 
seen in the Figure 4.1, the flux is decreasing. Following equation [2.16], the 
degree of fouling on January 5th is 39,6%. This fouling is caused probably due to 
concentration polarization, it means, reversible fouling. This fouling is increasing 
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during the operation, until 48,3% on January 6th and 55,6% on January 8th. We 
assume that irreversible fouling takes place, such as cake formation or adsorption. 
This is caused by the oil droplets and other additives present in oil-in-water 
emulsions, which adsorb on the membrane pores and might narrow them [41]. 
Therefore, the flux is lowering with the time. 
Table 19 presents the data for cycle 2. 
 
Table 19: Monitoring results for cycle 2. 
Date t (min) Vp (L) T (°C) J (L/m2h) 
0 0 19 0 
30 25 20 61 
60 50 22 61 
90 75 23 61 
120 100 25 61 
150 125 26 61 
180 150 28 61 
210 180 30 62,7 
240 210 32 64 
270 240 33 65 
300 270 35 65,9 
330 300 37 66,5 
360 330 39 67,1 
390 360 41 67,5 
13/01/2010 
435 400 43 67,3 
0 0 23 0 
30 20 25 48,8 
60 50 26,5 61 
90 75 28 61 
120 100 30 61 
150 130 31,5 63,4 
180 155 33 63 
210 180 34,5 62,7 
240 210 36 64 
270 240 37,5 65 
300 270 39 65,9 
330 300 40,5 66,5 
360 320 42 65 
390 345 43,5 64,7 
14/01/2010 
420 370 45 64,5 
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0 0 24 0 
30 25 25,5 61 
60 50 27 61 
90 75 28,5 61 
120 100 30 61 
150 125 31,5 61 
180 150 33 61 
210 175 34,5 61 
240 200 36 61 
270 225 37,5 61 
300 250 39 61 
330 275 40,5 61 
360 300 42 61 
390 325 43,5 61 
15/01/2010 
420 350 45 61 
0 0 18 0,0 
30 25 19 61 
60 50 22 61 
90 75 23 61 
120 100 25 61 
150 120 27 58,5 
180 140 28,5 56,9 
210 160 30 55,8 
240 180 31,5 54,9 
270 205 33 55,6 
300 225 35 54,8 
330 250 37 55,4 
360 275 39 55,8 
390 300 41 56,2 
18/01/2010 
420 325 43 56,6 
0 0 24 0,0 
60 50 28 61 
120 100 30 61 
180 150 34 61 
240 200 36 61 
300 250 39 61 
360 290 42 58,9 
19/01/2010 
420 340 44 59,2 
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0 0 21 0,0 
60 35 24 42,6 
120 75 27 45,7 
180 125 30 50,8 
240 175 33 53,3 
300 215 36 52,4 
360 260 39 52,8 
420 300 42 52,2 
21/01/2010 
480 315 44 48,0 
0 0 17 0,0 
60 50 20 61 
150 75 25 36,5 
210 120 29 41,8 
270 150 33 40,6 
330 190 36 42,1 
390 225 39 42,2 
26/01/2010 
450 250 41 40,6 
 
The relationship between the flux and the filtration time is shown in Figure 4.2: 
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Figure 4.2: Flux vs. Filtration time for cycle 2. 
 
The observations were very alike those explained with the connection with cycle 1 
(see below Figure 4.1). The first day in the cycle, the degree of fouling is 48,2%, 
increasing in the January 15th, 21th and 26th, until 53, 59,3 and 68%, when the tank 
is emptied and refilled with new wastewater. 
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Table 8 illustrates the data for cycle 3: 
 
Table 20: Monitoring results for cycle 3. 
Date t (min) Vp(L) T (°C) J (L/m2h) 
0 0 17 0,0 
60 50 20 61 
120 100 24 61 
180 150 27 61 
240 200 32 61 
300 250 35 61 
360 300 40 61 
01/02/2010 
430 400 45 68,1 
0 0 22 0,0 
60 40 24 48,7 
120 75 28 45,7 
180 120 31 48,7 
240 150 34 45,7 
300 200 38 48,7 
360 250 41 50,8 
02/02/2010 
420 300 44 52,2 
0 0 22 0,0 
60 50 25 61 
120 70 29 42,6 
180 90 32 36,5 
240 115 35 35,0 
300 150 39 36,5 
360 190 42 38,6 
04/02/2010 
420 210 44 36,5 
0 0 13 0,0 
60 25 18 30,4 
120 40 22 24,3 
180 60 26 24,3 
240 75 29 22,8 
300 90 33 21,9 
360 115 36 23,3 
420 135 39 23,5 
480 150 41 22,8 
09/02/2010 
510 160 42 22,9 
0 0 28 0,00 
60 15 32 18,2 10/02/2010 
120 30 34 18,2 
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Data is given up taken when the temperature raises 45ºC. 
The relationships between the flux and the filtration times are presented in Figure 
4.3  
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Figure 4.3: Flux vs. Filtration time for cycle 3. 
 
The TMP remained constant during the whole cycle. On February 1st, the degree 
of fouling is 51%, and is getting higher on February 2nd, 4th and 9th, until 60,9, 72,2 
and 82%. We can see that the degree of fouling in the last day of the cycle is very 
high, because of this, the flux through the membrane is very low. 
 
Data from cycles 4 and 5 are shown in Tables 9 and 10: 
 
Table 21: Monitoring results for cycle 4. 
Date t (min) Vp (L) T (°C) J (L/m2h) 
0 0 19 0,0 
60 25 22 30,4 
120 50 25 30,4 
180 70 30 28,4 
240 85 32 25,9 
11/02/2010 
290    
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Table 22: Monitoring results for cycle 5. 
Date t (min) Vp(L) T (°C) J (L/m2h) 
0 0 19 0,0 
60 40 23 48,7 
120 70 26 42,6 
180 100 30 40,6 
240 120 34 36,5 
300 140 37 34,1 
360 175 40 35,5 
15/02/2010 
420 190 42 33,1 
 
Cycles 4 and 5 covered only one day of operation, due to certain mistakes in the 
operation of the pilot plant.  
 
The relationship between the flux and the filtration time for the cycle 5 are 
presented in Figure 4.4 
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Figure 4.4: Flux vs. Filtration time for cycle 5. 
 
As in the other cycles, the filtration reached a steady-state flux. The degree of 
fouling in this cycle is 72.2 %. As this cycle only covered one day, the progress of 
the fouling can not be compared, but the behaviour would be alike those shown in 
Figures 4.1, 4.2 and 4.3. 
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The MFI index for cycle 3, 4, and 5 is presented in Figure 4.5 The shape of the 
curve shows that the fouling which takes place in the process is cake formation, 
as can be seen in Figure 2.8. 
The linear approximation is:  
1.1102 5 +⋅= − xy    [4-1] 
 
The R2 value is 0.83. The slope of the linear region (cake filtration) represents 
MFI. For our measurement the value is 2·10-5 min/L. Due to the presence of cross 
flow and permeation hydrodynamics in the cross-flow UF, uniform particle size 
distribution can lead to a more structured cake layer formation on the membrane 
surface, causing relatively high flux through the membrane, showing good filtration 
performance without clogging. 
y = 2E-05x + 1,1
R2 = 0,83
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Figure 4.5: MFI for cycles 2, 3, 4 and 5. 
 
Figure 4.6 compared the recovery and the filtration times for each cycle. Cycles 2, 
3 and 4 are only shown because data about COD retention are missing for cycles 
1 and 2. COD retention is needed to calculate the recovery, as can be seen in the 
equation [2.10]. 
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Figure 4.6: Recoveries and filtration times for cycle 2, 3 and 5. 
 
The recovery depends on the filtration time. The longer the filtration time, the 
higher the recovery taking place. It can also be seen from Figure 4.6 that the 
recovery took values higher than 90%, so it can be said that the ultrafiltration 
process showed high recoveries. The short period of cycle 4 caused the low value 
for filtration time, while recovery still reached 94,9%. 
 
4.2.2 MEMBRANE SELECTIVITY 
 
Physical (pH, conductivity, turbidity and TSS) and chemical parameters 
(aluminium, iron, ammonia and COD) were determined. Three different samples 
were analyzed: “1E” represents the wastewater in the working tank before 
operation and “2E” represents the wastewater recollected in the working tank after 
operation. “6P” represents the permeate, which was always taken at the middle of 
the total filtration time. 
 
Tables 11 and 12 show all the parameters determined during the study period. 
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Table 23: Measurements of the samples´ parameters taken during the month of January. 
DATE SAMPLE pH κ(mS/cm) TURBIDITY (NTU) 
TSS  
(mg/L) Al
+3
 (mg/L) Fe+2/+3 (mg/L) NH4+ (mg/L) COD (mgO2/L) 
  
           +/-  +/-  +/-  +/- 
1E 5,3 2,02 67,5 4,5     22,4 1,3 6,6 0,2 5658 259 
6P 6,8 2,02 1,5 1,3     0,9 0 0 0 3575 131 13.01.2010 
2E 5,9 2,07 149 5,3     51,7 0,4 24,5 0,7 7806 630 
1E 5,4 2,07 90,5 6     37,3 0,7 15,3 1,3 7360 1111 
6P 6,1 2,08 4,4 2,9     1 0 0 0 4213 40 14.01.2010 
2E 5,5 2,06 165 9,5     69,7 2,5 33,3 0,8 9665 148 
1E 5,5 1,93 110 7,4     46,9 0,7 20,5 0,5 7701 37 
6P 6,1 1,94 2 2,5     1,1 0 0 0 3899 158 15.01.2010 
2E 5,6 1,91 192 10,2     71,1 7,2 35,1 3 10425 111 
1E 5,8 2 129 6     52,4 0,7 21,8 1,5 7518 519 
6P 5,9 2,03 5,1 2,6     0,9 0 0 0 3776 30 18.01.2010 
2E 5,7 1,96 163 10,5     70,6 7,3 34,5 2,2 9561 296 
1E 5,9 1,98 152 8     56,1 0,5 26,8 1,1 8827 0 
6P 5,8 2,09 2,9 2,5     0,9 0 0 0 3619 134 19.01.2010 
2E 5,1 2,03 431 23,4     76,9 0 36,2 0,5 13202 778 
1E 5,1 1,31 217 11,1 8.0 0 55,3 0,2 21,6 0,2 11709 1785 
6P 6 1,96 6,7 2,3 0.5 0 5,9 0,2 0 0 3139 40 21.01.2010 
2E 5 1,88 464 22,1 12.2 0.2 67 0,2 37,6 0,6 12145 805 
1E 5,1 1,98 211 11,6 7.7 0 53,6 0,3 21,3 0 11394 1565 
6P 5,6 2,05 13,9 2,1 0.2 0 6,4 0,1 0 0 3733 172 26.01.2010 
2E 5 1,94 541 22 12.7 0.2 85,2 0,3 40,2 0,4 13175 91 
1E 5,9 2,08 279 7,2 10.3 0 63,8 0,1 28,8 0,1 11499 2969 
6P 5,4 2,07 2,1 2,1 0.1 0 6,6 0,1 0 0 3366 52 27.01.2010 
2E 
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Table 24: Measurements of the samples´ parameters taken in the month of February. 
DATE SAMPLE pH κ (mS/cm) TURBIDITY (NTU) 
TSS  
(mg/L) AL
+3
 (mg/L) Fe+2/+3 (mg/L) NH4+ (mg/L) COD (mgO2/L) 
  
           +/-  +/-  +/-  +/- 
1E 5,9 2,05 90,2 4,2 6.0 0 37,5 0,1 14,9 0,7 6575 105 
6P 6,6 2,01 3,9 1,9 0.8 0 5,1 0,1 0 0 3654 189 01.02.2010 
2E 
                        
1E 5,2 2,32 107 6,4 7.0 0 43,5 0,3 19,4 0 7762 498 
6P 6,5 2,22 2,6 2,63 1.0 0 0,8 0 0 0 3279 203 02.02.2010 
2E 5,2 2,34 296 12,72 10.4 0 64,7 0,4 30,1 0,1 8950 30 
1E 5,2 2,37 198 7,08 7.8 0 53,9 0,2 25,7 0 9473 452 
6P 5,8 2,38 67,7 2,43 0.2 0 0,9 0 0 0 3340 120 04.02.2010 
2E 5,4 2,37 351 8,99 11.1 0 70,1 0,2 34 0,1 9526 168 
1E 5,4 2,3 249 6,64 8.9 0.1 59,3 0,2 28,6 0,1 9142 139 
2P 5,5 2,43 21,4 2,53 0 0 1 0 0 0 3418 91 09.02.2010 
2E 5,3 2,29 363 10,22 10.8 0.2 74,3 2,2 34,8 0,1 10067 212 
1E 5,3 2,27 363 12,39 11.3 0.1 71,1 0,3 33,7 0 9805 711 
1P 5,5 2,38 4,1 2,33 0.1 0 0,9 0 0 0 3575 240 10.02.2010 
2E 
                        
1E 5,9 1,82 116 7,99 5.3 0 36,7 0,3 14,5 0 6697 168 
1P 5,8 1,9 2 1,42 0 0 0,7 0 0 0 3139 80 11.02.2010 
2E 
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A representation of the turbidity and conductivity is shown in Figure 4.7:  
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Figure 4.7: Turbidities and conductivities for 1E, 6P and 2E samples. 
 
As can be seen, the values for conductivity are very similar to the other samples. 
However, the values for turbidity in permeate are almost zero. It means that most of the 
particles in wastewater are retained in the membrane. It should be appreciated that the 
values for turbidity in 2E samples at the end of cycle 2 are much higher than those at 
the beginning of cycle 3. This can be explained by the fact that the concentrated 
wastewater became more each day during each cycle. On February 1st, the wastewater 
was new, so the turbidity was low. 
 
Figure 4.8 is presents the TSS measurements. 
 
0
5000
10000
15000
20000
25000
1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E 1E 6P 2E
13.1. 14.1. 15.1. 18.1. 19.1. 21.1. 26.1. 27.1. 1.2. 2.2. 4.2. 9.2. 10.2. 11.2.
γ T
SS
 
(m
g/
L)
0
10
20
30
40
50
60
70
80
90
100
R
 
(%
)
 
Figure 4.8: TSS and the efficiencies for 1E, 6P and 2E samples. 
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The amount of TSS in the permeate is lower than in 1E and 2E. The membrane 
retained the solids when the wastewater passed through it. As it was observed, the 
efficiency rose to over 50%. It was not constant due to changes of the wastewater  
quality during the cycles. At the beginning of the cycles, the efficiency was low due to 
the smaller contents of solids in the new wastewater. 
The Figure 4.9 shows the aluminium measurement: 
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Figure 4.9: Al+3 and efficiencies for 1E, 6P and 2E samples. 
 
The efficiency of the aluminium removal was very high, reaching values close to 100%, 
which means that Al+3 was totally removed. 
 
The Figure 4.10 presents the iron measurements: 
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Figure 4.10: Fe+2/+3 and efficiencies for 1E, 6P and 2E samples. 
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As can be seen, the concentration of iron in the permeate was almost zero and, 
therefore, the removal efficiency reached over 95%. However, the concentrations of 
iron in the permeates from January 21th to February 1st was much higher, so the 
efficiency during these days fell to between 85 and 90%. 
Figure 4.11 provides the ammonia measurements: 
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Figure 4.11: NH4+ for 1E, 6P and 2E samples. 
 
In Figure 4.11 is not presented the efficiencies because the concentration of ammonia 
in all permeates was zero. It means that the efficiency of the UF membranes for 
ammonia removal was above 99%. It can be seen that on February 1st, the 
concentration of ammonia in the feed was lower, because the wastewater was 
replaced by new sample. Figure 4.12 shows the COD measurements: 
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Figure 4.12: COD and efficiencies for 1E, 6P and 2E samples. 
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The efficiency of the COD was high. However, on February 1st, the efficiency 
decreased. The fresh wastewater was hardly contaminated, so the membrane could 
not remove a large quantity of COD. Due to this, the efficiencies during these days 
were not as high as the previous days. 
 
The relationship between absorbance at a wavelength of 254 nm and COD in the 
samples of wastewater was studied. As can be seen on the chart below, there was a 
linear relationship between them, so absorbance at that wavelength can be used to 
check, in a approximate way, the value of COD for the wastewater. This can be useful, 
since the COD measurement procedure is time consuming. With the equation [4.2], the 
COD can be estimated if the absorbance is known. The R2 value is above 0,96, 
therefore the linear approximation is applied. 
 
y = 9704x + 1693  [4-2] 
R2 = 0,9615 
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Figure 4.13: Relationship between absorbance at 254 nm and COD from January 13th 
to January 19th. 
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5 CONCLUSIONS 
The purpose of this diploma thesis was to provide new alternatives for purifying oil-in-
water emulsions originating in a Slovene enterprise.  
 
Wastewater from a metalworking process contains high concentrations of certain 
contaminant compounds, and they need to be treated in order to reduce their 
concentration whilst  satisfying the Slovenian Regulation for wastewater treatment 
within metal working industries. For this purpose, it was necessary to determine the 
removal efficiencies of different physical and chemical parameters. 
 
The current investigation related to the use of a UF polymeric membrane. The study 
was divided into five cycles. After ending each one, the feed tank was emptied and 
refilled with new wastewater, so that the values of the parameters measured during the 
investigation would change considerably between the different stages. This work can 
be considered as a preliminary study of ultrafiltration efficiency when treating oil-in-
water emulsions. 
 
The wastewater flux could reach 97 LMH, which is quite high for a UF pilot plant. The 
degree of fouling was between 39-82%. Fortunately, the main part represents the 
reversible fouling (concentration polarization). This is also proven by low modified 
fouling index MFI, calculated at 2·10-5 min L-2.  
Among the measured parameters, ammonium and aluminium ions were totally 
removed, while COD removal efficiencies were between 85-90%. 
 
As can be seen from the results, the process is not yet optimized. During future 
research the operational parameters should be optimized in order to improve removal 
efficiencies, as well as flux reduction. Further studies should pay particular attention to 
the behaviour of the mineral oils present in the wastewater. 
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7 APPENDIX 
 71 
 
Table A7-1: Complete monitoring for cycle 1. 
Date Hour t (min) 
Level in 
tank B11 
before 
filling (L) 
Level in 
tank B11 
after 
filling (L) 
Vp(L) 
Permeat 
flow 
(m3/h) 
T  
(°C)  
PI21 
(bar) 
PI22 
(bar) 
PI23 
(bar) 
TMP 
(bar) FI23 Remark 
J 
(L/m2h) VR R (%) 
6:15 0   800 0 20 16 4,5 2 0,9 1,45 14,2   0,00 1,00   
8:10 120   710 90 20 23 4,5 2 0,9 1,45 14,3   54,88 0,11 88,75 
10:20 180   610 190 20 31 4,4 1,9 0,9 1,4 14,4   77,24 0,24 76,25 
12:00 240   540 260 20 36 4,4 1,9 0,9 1,4 14,3   79,27 0,33 67,50 
13:30 310   470 330 20 42 4,4 1,9 0,9 1,4 14,1   77,89 0,41 58,75 
13:45 325   450 350 20 43 4,4 1,9 0,9 1,4 14,1   78,80 0,44 56,25 
05/01/2010 
13:50 330 450 0 0 20 32 4,4 1,9 0,9 1,4 14,4 350 0,00 0,00   
6:00 0 450 900 0 20 25 4,4 1,9 0,9 1,4 14,4   0,00 0,00   
8:00 120   780 120 20 32 4,4 1,9 0,9 1,4 14,3   73,17 0,13 86,67 
10:00 240   680 220 20 37 4,4 1,9 0,9 1,4 14,3   67,07 0,24 75,56 
12:00 340   590 310 20 42 4,4 1,9 0,9 1,4 14,2   66,71 0,34 65,56 
06/01/2010 
13:00 380   550 350 20 45 4,4 1,9 0,9 1,4 14,2 350 67,39 0,39 61,11 
5:50 0 550 800 0 20 26 4,5 1,9 0,9 1,4 14,3   0,00 0,00 100,00 
7:50 60   700 100 20 33 4,5 1,9 0,9 1,4 14,2   121,95 0,13 87,50 
10:20 150   600 200 20 40 4,4 1,9 0,9 1,4 14   97,56 0,25 75,00 
07/01/2010 
12:00 250   510 290 20 45 4,4 1,9 0,9 1,4 14   84,88 0,36 63,75 
5:40 0 510 900 0 20 26 4,5 1,9 0,9 1,4 14,3   0,00 0,00   
7:55 135   800 100 20 35 4,5 1,9 0,9 1,4 14,3   54,20 0,11 88,89 
9:50 250   710 190 20 39 4,5 1,9 0,9 1,4 14,3   55,61 0,21 78,89 
08/01/2010 
11:30 350   600 300 20 45 4,5 1,9 0,9 1,4 14,2   62,72 0,33 66,67 
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Table A7-2: Complete monitoring for cycle 2. 
Date Hour t (min) 
Level in 
tank B11 
before 
filling (L) 
Level in 
tank B11 
after 
filling (L) 
Vp (L) 
Permeat 
flow 
(m3/h) 
T (°C)  PI21 (bar) 
PI22 
(bar) 
PI23 
(bar) 
TMP 
(bar) FI23 Remark 
J 
(L/m2h) VR R (%) 
6:00 0 0 800 0 18 19 4,5 1,9 0,9 1,4 14 1l / 98 s 0 0  
6:30 30  775 25 20 20 4,5 1,9 0,9 1,4 14,1  60,98 0,031 96,88 
7:00 60  750 50 20 22 4,5 1,9 0,9 1,4 14,1 1l / 85 s 60,98 0,063 93,75 
7:30 90  725 75 20 23 4,5 1,9 0,9 1,4 14,1  60,98 0,094 90,63 
8:00 120  700 100 20 25 4,5 1,9 0,9 1,4 14 1l / 80s 60,98 0,125 87,50 
8:30 150  675 125 20 26 4,5 1,9 0,9 1,4 14,1  60,98 0,156 84,38 
9:00 180  650 150 20 28 4,5 1,9 0,9 1,4 14,1 1l / 67 s 60,98 0,188 81,25 
9:30 210  620 180 20 30 4,5 1,8 0,9 1,35 14,1  62,72 0,225 77,50 
10:00 240  590 210 20 32 4,5 1,8 0,9 1,35 14,1 1l / 64 s 64,02 0,263 73,75 
10:30 270  560 240 20 33 4,5 1,8 0,9 1,35 14,1  65,04 0,3 70,00 
11:00 300  530 270 20 35 4,5 1,8 0,9 1,35 14,1 1l / 60 s 65,85 0,338 66,25 
11:30 330  500 300 20 37 4,5 1,8 0,9 1,35 14,1  66,52 0,375 62,50 
12:00 360  470 330 20 39 4,5 1,8 0,9 1,35 14,1 1l / 59 s 67,07 0,413 58,75 
12:30 390  440 360 20 41 4,5 1,8 0,9 1,35 14,1  67,54 0,45 55,00 
13/01/2010 
13:15 435  400 400 20 43 4,5 1,8 0,9 1,35 14,1 1l / 58 s 67,28 0,5 50,00 
6:20 0 470   800 0 22 23 4,5 2 0,9 1,45 14,4 1l / 77s 0 0  
6:50 30  780 20 22 25 4,5 1,9 0,9 1,4 14,7  48,78 0,025 97,50 
7:20 60  750 50 23 26,5 4,5 1,9 0,9 1,4 14,6 1l / 72s 60,98 0,063 93,75 
7:50 90  725 75 25 28 4,5 1,9 0,9 1,4 14,5  60,98 0,094 90,63 
8:20 120  700 100 28 30 4,5 1,9 0,9 1,4 14,3 1l / 69s 60,98 0,125 87,50 
8:50 150  670 130 30 31,5 4,5 1,9 0,9 1,4 14,5  63,41 0,163 83,75 
9:20 180  645 155 30 33 4,5 1,9 0,9 1,4 14,5 1l / 65s 63,01 0,194 80,63 
9:50 210  620 180 30 34,5 4,5 1,9 0,9 1,4 14,3  62,72 0,225 77,50 
10:20 240  590 210 30 36 4,5 1,9 0,9 1,4 14,6 1l / 63 s 64,02 0,263 73,75 
10:50 270  560 240 30 37,5 4,5 1,9 0,9 1,4 14,4  65,04 0,3 70,00 
11:20 300  530 270 30 39 4,5 1,9 0,9 1,4 14,4 1l / 62 s 65,85 0,338 66,25 
11:50 330  500 300 30 40,5 4,5 1,8 0,9 1,35 14,2  66,52 0,375 62,50 
14/01/2010 
12:20 360  480 320 30 42 4,5 1,8 0,9 1,35 14,2 1l / 61 s 65,04 0,4 60,00 
 73 
12:50 390  455 345 28 43,5 4,5 1,8 0,9 1,35 14,2  64,73 0,431 56,88 
13:20 420  430 370 28 45 4,5 1,8 0,9 1,35 14,1 1l / 61 s 64,46 0,463 53,75 
6:00 0 480 800 0 22 24 4,4 2 0,9 1,45 14,5 1l / 80s 0 0  
6:30 30  775 25 23 25,5 4,4 2 0,9 1,45 14,5  60,98 0,031 96,88 
7:00 60  750 50 23 27 4,4 1,9 0,9 1,4 14,4 1l / 75 s 60,98 0,063 93,75 
7:30 90  725 75 23 28,5 4,4 1,9 0,9 1,4 14,4  60,98 0,094 90,63 
8:00 120  700 100 25 30 4,4 1,9 0,9 1,4 14,4 1l / 71 s 60,98 0,125 87,50 
8:30 150  675 125 27 31,5 4,4 1,9 0,9 1,4 14,4  60,98 0,156 84,38 
9:00 180  650 150 28 33 4,4 1,9 0,9 1,4 14,4 1l / 68 s 60,98 0,188 81,25 
9:30 210  625 175 28 34,5 4,4 1,9 0,9 1,4 14,4  60,98 0,219 78,13 
10:00 240  600 200 28 36 4,4 1,9 0,9 1,4 14,3 1l / 65 s 60,98 0,25 75,00 
10:30 270  575 225 28 37,5 4,4 1,9 0,9 1,4 14,3  60,98 0,281 71,88 
11:00 300  550 250 28 39 4,4 1,9 0,9 1,4 14,3 1l / 63 s 60,98 0,313 68,75 
11:30 330  525 275 28 40,5 4,4 1,9 0,9 1,4 14,1  60,98 0,344 65,63 
12:00 360  500 300 28 42 4,4 1,9 0,9 1,4 14,1 1l / 62 s 60,98 0,375 62,50 
12:30 390  475 325 28 43,5 4,4 1,9 0,9 1,4 14,1  60,98 0,406 59,38 
15/01/2010 
13:00 420  450 350 28 45 4,4 1,9 0,9 1,4 14,1 1l / 61 s 60,98 0,438 56,25 
6:10 0 500 800 0 20 18 4,5 2 0,9 1,45 14,6 1l / 95 s 0,00 0  
6:40 30  775 25 20 19 4,5 2 0,9 1,45 14,5  60,98 0,031 96,88 
7:10 60  750 50 20 22 4,5 2 0,9 1,45 14,4 1l / 89 s 60,98 0,063 93,75 
7:40 90  725 75 20 23 4,5 2 0,9 1,45 14,4  60,98 0,094 90,63 
8:10 120  700 100 20 25 4,5 2 0,9 1,45 14,3 1l / 82 s 60,98 0,125 87,50 
8:40 150  680 120 22 27 4,5 1,9 0,9 1,4 14,3  58,54 0,15 85,00 
9:10 180  660 140 22 28,5 4,5 1,9 0,9 1,4 14,3 1l / 77 s 56,91 0,175 82,50 
9:40 210  640 160 22 30 4,5 1,9 0,9 1,4 14,3  55,75 0,2 80,00 
10:10 240  620 180 22 31,5 4,5 1,9 0,9 1,4 14,3 1l / 73 s 54,88 0,225 77,50 
10:40 270  595 205 22 33 4,5 1,9 0,9 1,4 14,3  55,56 0,256 74,38 
11:10 300  575 225 25 35 4,5 1,9 0,9 1,4 14,3 1l / 69 s 54,88 0,281 71,88 
11:40 330  550 250 25 37 4,5 1,9 0,9 1,4 14,3  55,43 0,313 68,75 
12:10 360  525 275 25 39 4,5 1,9 0,9 1,4 14,3 1l / 67 s 55,89 0,344 65,63 
12:40 390  500 300 25 41 4,5 1,9 0,9 1,4 14,3  56,29 0,375 62,50 
18/01/2010 
13:10 420  475 325 25 43 4,5 1,9 0,9 1,4 14,3 1l / 66 s 56,62 0,406 59,38 
 74 
5:45 0 535 800 0 22 24 4,4 2 0,9 1,45 14,3 1l / 84 s 0,00 0  
6:45 60  750 50 22 28 4,5 1,9 0,9 1,4 14,3 1l / 78 s 60,98 0,063 93,75 
7:45 120  700 100 22 30 4,5 1,9 0,9 1,4 14,3 1l / 76 s 60,98 0,125 87,50 
8:45 180  650 150 21 34 4,5 1,9 0,9 1,4 14,3 1l / 71 s 60,98 0,188 81,25 
9:45 240  600 200 21 36 4,5 1,9 0,9 1,4 14,3 1l / 70 s 60,98 0,25 75,00 
10:45 300  550 250 21 39 4,5 1,9 0,9 1,4 14,3 1l / 69 s 60,98 0,313 68,75 
11:45 360  510 290 21 42 4,5 1,9 0,9 1,4 14,3 1l / 68 s 58,94 0,363 63,75 
19/01/2010 
12:45 420  460 340 21 44 4,5 1,9 0,9 1,4 14,3 1l / 68 s 59,23 0,425 57,50 
6:00 0 530 800 0 18 21 4,5 2 0,9 1,45 14,1 1l / 98 s 0,00 0  
7:00 60  765 35 19 24 4,5 1,9 0,9 1,4 14,2 1l / 93 s 42,68 0,044 95,63 
8:00 120  725 75 19 27 4,5 1,9 0,9 1,4 14,2 1l / 89 s 45,73 0,094 90,63 
9:00 180  675 125 19 30 4,5 1,9 0,9 1,4 14,2 1l / 84 s 50,81 0,156 84,38 
10:00 240  625 175 19 33 4,5 1,9 0,9 1,4 14,1 1l / 80 s 53,35 0,219 78,13 
11:00 300  585 215 19 36 4,5 1,9 0,9 1,4 14,1 1l / 76 s 52,44 0,269 73,13 
12:00 360  540 260 19 39 4,5 1,9 0,9 1,4 14 1l / 74 s 52,85 0,325 67,50 
13:00 420  500 300 19 42 4,5 1,9 0,9 1,4 13,9 1l / 73 s 52,26 0,375 62,50 
21/01/2010 
13:30 480  485 315 19 44 4,5 1,9 0,9 1,4 13,9  48,02 0,394 60,63 
6:00 0 530 800 0 15 17 4,5 2 0,9 1,45 13,8 1l / 123 s 0,00 0  
7:00 60  750 50 15 20 4,5 1,9 0,9 1,4 13,8 1l / 120 s 60,98 0,063 93,75 
8:30 150  725 75 15 25 4,5 1,9 0,9 1,4 13,8 1l / 111 s 36,59 0,094 90,63 
9:30 210  680 120 15 29 4,5 1,9 0,9 1,4 13,8 1l / 109 s 41,81 0,15 85,00 
10:30 270  650 150 15 33 4,5 1,9 0,9 1,4 13,8 1l / 107 s 40,65 0,188 81,25 
11:30 330  610 190 15 36 4,5 1,9 0,9 1,4 13,8 1l / 107 s 42,13 0,238 76,25 
12:30 390  575 225 15 39 4,5 1,9 0,9 1,4 13,8 1l / 106 s 42,21 0,281 71,88 
26/01/2010 
13:30 450  550 250 15 41 4,5 1,9 0,9 1,4 13,8 1l / 105 s 40,65 0,313 68,75 
6:00 0 600  600 0 15 28 4,5 1,9 0,9 1,4 13,8 1l / 115 s 0,00 0  
7:00 60  560 40 15 32 4,5 1,9 0,9 1,4 13,8 1l / 112 s 48,78 0,067 93,33 
8:00 120  525 75 15 36 4,5 1,9 0,9 1,4 13,8 1l / 110 s 45,73 0,125 87,50 
9:00 180  500 100 15 39 4,5 1,9 0,9 1,4 13,8 1l / 105 s 40,65 0,167 83,33 
10:00 240  475 125 15 41 4,5 1,8 0,9 1,35 13,8 1l / 104 s 38,11 0,208 79,17 
27/01/2010 
11:00 300  425 175 15 44 4,5 1,8 0,9 1,35 13,8 1l / 104 s 42,68 0,292 70,83 
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Table A7-3: Complete monitoring for cycle 3. 
Date Hour t (min) 
Level in 
tank B11 
before 
filling (L) 
Level in 
tank B11 
after filling 
(L) 
Vp(L) 
Permeat 
flow 
(m3/h) 
T (°C) PI21 (bar) 
PI22 
(bar) 
PI23 
(bar) 
TMP 
(bar) FI23 Remark 
J 
(L/m2h) VR R (%) 
6:20 0 0 800 0 20 17 4,5 2 0,9 1,45 14,4 1 l / 94 s 0,00 0  
7:20 60  750 50 20 20 4,5 1,9 0,9 1,4 14,4 1 l / 78 s 60,98 0,063 93,75 
8:20 120  700 100 25 24 4,5 1,9 0,9 1,4 14,4 1 l / 70 s 60,98 0,125 87,50 
9:20 180  650 150 30 27 4,5 1,9 0,9 1,4 14,4 1 l / 66 s 60,98 0,188 81,25 
10:20 240  600 200 30 32 4,5 1,9 0,9 1,4 14,4 1 l / 61 s 60,98 0,25 75,00 
11:20 300  550 250 30 35 4,5 1,9 0,9 1,4 14,4 1 l / 60 s 60,98 0,313 68,75 
12:20 360  500 300 30 40 4,5 1,9 0,9 1,4 14,4 1 l / 60 s 60,98 0,375 62,50 
01/02/2010 
13:30 430  400 400 30 45 4,5 1,9 0,9 1,4 14,4 1 l / 60 s 68,07 0,5 50,00 
6:00 0 450 800 0 20 22 4,5 2 0,9 1,45 14,5 1l / 98 s 0,00 0  
7:00 60  760 40 20 24 4,5 1,9 0,9 1,4 14,4 1l / 95 s 48,78 0,05 95,00 
8:00 120  725 75 20 28 4,5 1,9 0,9 1,4 14,3 1l / 91 s 45,73 0,094 90,63 
9:00 180  680 120 20 31 4,5 1,9 0,9 1,4 14,3 1l / 81 s 48,78 0,15 85,00 
10:00 240  650 150 20 34 4,5 1,9 0,9 1,4 14,3 1l / 79 s 45,73 0,188 81,25 
11:00 300  600 200 20 38 4,5 1,9 0,9 1,4 14,3 1l / 74 s 48,78 0,25 75,00 
12:00 360  550 250 20 41 4,5 1,9 0,9 1,4 14,3 1l / 70 s 50,81 0,313 68,75 
02/02/2010 
13:00 420  500 300 20 44 4,5 1,9 0,9 1,4 14,2 1l / 69 s 52,26 0,375 62,50 
6:10 0 550 800 0 10 22 4,5 1,9 0,9 1,4 13,9 1l / 136 s 0,00 0  
7:10 60  750 50 10 25 4,5 1,9 0,9 1,4 13,8 1l / 135 s 60,98 0,063 93,75 
8:10 120  730 70 10 29 4,5 1,9 0,9 1,4 13,8 1l / 131 s 42,68 0,088 91,25 
9:10 180  710 90 10 32 4,5 1,9 0,9 1,4 13,7 1l / 128 s 36,59 0,113 88,75 
10:10 240  685 115 10 35 4,5 1,9 0,9 1,4 13,7 1l / 124 s 35,06 0,144 85,63 
11:10 300  650 150 10 39 4,5 1,9 0,9 1,4 13,7 1l / 120 s 36,59 0,188 81,25 
12:10 360  610 190 10 42 4,5 1,9 0,9 1,4 13,7 1l / 119 s 38,62 0,238 76,25 
04/02/2010 
13:10 420  590 210 10 44 4,5 1,9 0,9 1,4 13,7 1l / 117 s 36,59 0,263 73,75 
6:00 0 650 800 0 10 13 4,5 2 0,9 1,45 14,1 1l / 223 s 0,00 0  
7:00 60  775 25 10 18 4,5 1,9 0,9 1,4 13,7  30,49 0,031 96,88 
09/02/2010 
8:00 120  760 40 10 22 4,5 1,9 0,9 1,4 13,8  24,39 0,05 95,00 
 76 
9:00 180  740 60 10 26 4,5 1,9 0,9 1,4 13,7  24,39 0,075 92,50 
10:00 240  725 75 10 29 4,5 1,9 0,9 1,4 13,7  22,87 0,094 90,63 
11:00 300  710 90 10 33 4,5 1,9 0,9 1,4 13,6  21,95 0,113 88,75 
12:00 360  685 115 10 36 4,5 1,9 0,9 1,4 13,7  23,37 0,144 85,63 
13:00 420  665 135 10 39 4,5 1,9 0,9 1,4 13,9  23,52 0,169 83,13 
14:00 480  650 150 10 41 4,5 1,9 0,9 1,4 13,8 1l / 151 s 22,87 0,188 81,25 
14:30 510  640 160 10 42 4,5 1,9 0,9 1,4 13,7  22,96 0,2 80,00 
6:00 0 690 690 0 10 28 4,5 1,9 0,9 1,4 13,9 1l / 212 s 0,00 0  
7:00 60  675 15 10 32 4,5 1,9 0,9 1,4 13,8  18,29 0,022 97,83 10/02/2010 
8:00 120  660 30 0 34 0 1,9 0,9 1,4  Mistake 18,29 0,043 95,65 
 
Table A7-4: Complete monitoring for cycle 4. 
Date Hour t (min) 
Level in 
tank B11 
before 
filling (L) 
Level in 
tank B11 
after filling 
(L) 
Vp(L) 
Permeat 
flow 
(m3/h) 
T (°C) PI21 (bar) 
PI22 
(bar) 
PI23 
(bar) 
TMP 
(bar) FI23 Remark 
J 
(L/m2h) VR R (%) 
6:00 0 0 800 0 10 19 4,5 2 0,9 1,45 14,1 1l / 178s 0,00 0  
7:00 60  775 25 10 22 4,5 1,9 0,9 1,4 14,1  30,49 0,031 96,88 
8:00 120  750 50 10 25 4,5 1,9 0,9 1,4 14,1  30,49 0,063 93,75 
9:00 180  730 70 10 30 4,5 1,9 0,9 1,4 14,1  28,46 0,088 91,25 
10:00 240  715 85 10 32 4,5 1,9 0,9 1,4 14,1  25,91 0,106 89,38 
11/02/2010 
10:50 290         0  Mistake  0  
 
Table A7-5: Complete monitoring for cycle 5. 
Date Hour t (min) 
Level in 
tank B11 
before 
filling (L) 
Level in 
tank B11 
after filling 
(L) 
Vp(L) 
Permeat 
flow 
(m3/h) 
T (°C) PI21 (bar) 
PI22 
(bar) 
PI23 
(bar) 
TMP 
(bar) FI23 Remark 
J 
(L/m2h) VR R (%) 
7:30 0 0 800 0 10 19 4,5 2 0,9 1,45 14,3 1l / 156 s 0,00 0   
8:30 60   760 40 10 23 4,5 2 0,9 1,45 14,4   48,78 0,05 95,00 
9:30 120   730 70 10 26 4,5 2 0,9 1,45 14,3   42,68 0,088 91,25 
15/02/2010 
10:30 180   700 100 10 30 4,5 1,9 0,9 1,4 14,1   40,65 0,125 87,50 
 77 
11:30 240   680 120 10 34 4,5 1,9 0,9 1,4 14,1   36,59 0,15 85,00 
12:30 300   660 140 10 37 4,5 1,9 0,9 1,4 14,1   34,15 0,175 82,50 
13:30 360   625 175 10 40 4,5 1,9 0,9 1,4 14,1   35,57 0,219 78,13 
14:30 420   610 190 10 42 4,5 1,9 0,9 1,4 14,1 1l / 110 s 33,10 0,238 76,25 
 78 
Table B7-1: pH, conductivity and turbidity. 
DATE SAMPLE pH κ (mS/cm) TURBIDITY (NTU) 
1E 5,3 2,02 67,5 
6P 6,8 2,02 1,50 13.1. 
2E 5,9 2,07 149 
1E 5,4 2,07 90,50 
6P 6,14 2,08 4,44 14.1. 
2E 5,51 2,06 165 
1E 5,54 1,93 110 
6P 6,10 1,94 2,03 15.1. 
2E 5,63 1,91 192 
1E 5,75 2 129 
6P 5,92 2,03 5,13 18.1. 
2E 5,65 1,96 163 
1E 5,9 1,98 152 
6P 5,80 2,09 2,88 19.1. 
2E 5,06 2,03 431 
1E 5,1 1,31 217,0 
6P 6,0 1,96 6,7 21.1. 
2E 5,0 1,88 464,0 
1E 5,1 1,98 211,0 
6P 5,6 2,05 13,9 26.1. 
2E 5,0 1,94 541,0 
1E 5,9 2,08 279,0 
6P 5,4 2,07 2,1 27.1. 
2E 
   
1E 5,9 2,05 90,2 
6P 6,6 2,01 3,9 1.2. 
2E 
   
1E 5,2 2,32 107,0 
6P 6,5 2,22 2,6 2.2. 
2E 5,2 2,34 296,0 
1E 5,2 2,37 198,0 
6P 5,8 2,38 67,7 4.2. 
2E 5,4 2,37 351,0 
1E 5,4 2,30 249,0 
1P 5,5 2,43 21,4 9.2. 
2E 5,3 2,29 363,0 
 79 
1E 5,3 2,27 363,0 
1P 5,5 2,38 4,1 10.2. 
2E 
   
1E 5,9 1,82 116,0 
1P 5,8 1,90 2,0 11.2. 
2E 
   
 
Table B7-2: Analytical measurements of TSS. 
DATE SAMPLE TSS (mg/L) VR R (%) Rc (%) 
1E 4510    
6P 1320 0,50 14,6 70,7 13.1. 
2E 5280    
1E 5990    
6P 2920 0,46 26,2 51,2 14.1. 
2E 9530    
1E 7410    
6P 2510 0,44 19,0 66,1 15.1. 
2E 10230    
1E 6020    
6P 2640 0,41 26,0 56,1 18.1. 
2E 10500    
1E 8030    
6P 2470 0,43 17,6 69,2 19.1. 
2E 23390    
1E 11130    
6P 2270 0,39 12,3 79,6 21.1. 
2E 22050    
1E 11610    
6P 2050 0,31 12,1 82,3 26.1. 
2E 22030    
1E 7170    
6P 2070 0,29 20,4 71,1 27.1. 
2E 
    
1E 4220    
6P 1850 0,50 21,9 56,1 1.2. 
2E 
    
 80 
1E 6400    
6P 2630 0,38 25,6 58,9 2.2. 
2E 12720    
1E 7080    
6P 2430 0,26 25,3 65,6 4.2. 
2E 8990    
1E 6640    
6P 2530 0,20 30,4 61,9 9.2. 
2E 10220    
1E 12390    
6P 2330 0,04 17,9 81,1 10.2. 
2E 
    
1E 7990    
6P 1420 0,11 15,8 82,2 11.2. 
2E 
    
 
 
 
 
Table B7-3: Analytical measurements of Al+3. 
 
DATE SAMPLE Al+3  (mg/L) VR R (%) Rc (%) 
  
   +/-       
1E 6,95 0,01       
6P 1,01 0,00 0,38 9,1 85,4 2.2. 
2E 10,41 0,02       
1E 7,78 0,02       
6P 0,18 0,00 0,26 1,7 97,7 4.2. 
2E 11,14 0,04       
1E 8,89 0,05       
6P 0,04 0,00 0,20 0,3 99,6 9.2. 
2E 10,83 0,20       
1E 11,27 0,05       
6P 0,07 0,00 0,04 0,6 99,3 10.2. 
2E 5,34 0,03       
1E 5,34 0,03       
6P 0,01 0,00 0,11 0,2 99,8 11.2. 
2E 
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Table B7-4: Analytical measurements of Fe+2/+3. 
DATE SAMPLE Fe+2/+3 (mg/L) VR R (%) Rc (%) 
 
  +/-    
1E 22,4 1,3 0,50   
6P 0,9 0,0  2,1 95,8 13.1. 
2E 51,7 0,4    
1E 37,3 0,7 0,46   
6P 1,0 0,0  1,5 97,2 14.1. 
2E 69,7 2,5    
1E 46,9 0,7 0,44   
6P 1,1 0,0  1,3 97,7 15.1. 
2E 71,1 7,2    
1E 52,4 0,7 0,41   
6P 0,9 0,0  1,1 98,2 18.1. 
2E 70,6 7,3    
1E 56,1 0,5 0,43   
6P 0,9 0,0  1,0 98,3 19.1. 
2E 76,9 0,0    
1E 55,3 0,2 0,39   
6P 5,9 0,2  6,5 89,3 21.1. 
2E 67,0 0,2    
1E 53,6 0,3 0,31   
6P 6,4 0,1  8,2 88,1 26.1. 
2E 85,2 0,3    
1E 63,8 0,1 0,29   
6P 6,6 0,1  7,3 89,7 27.1. 
2E 
     
1E 37,5 0,1 0,50   
6P 5,1 0,1  6,8 86,4 1.2. 
2E 
     
1E 43,5 0,2 0,38   
6P 0,8 0,0  1,2 98,1 2.2. 
2E 64,7 0,4    
1E 53,9 0,2 0,26   4.2. 
6P 0,9 0,0  0,0 98,3 
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2E 70,1 0,2    
1E 59,3 0,2 0,20   
6P 1,0 0,0  1,3 98,3 9.2. 
2E 74,3 2,2    
1E 71,0 0,2 0,04   
6P 0,9 0,0  1,2 98,7 10.2. 
2E 
     
1E 36,6 0,3 0,11   
6P 0,7 0,0  1,7 98,1 11.2. 
2E 
     
 
 
Table B7-5: Analytical measurements of NH4+. 
DATE SAMPLE NH4+ (mg/L) 
 
  +/- 
1E 6,6 0,2 
6P 0,0 0,0 13.1. 
2E 24,5 0,7 
1E 15,3 1,3 
6P 0,0 0,0 14.1. 
2E 33,3 0,8 
1E 20,5 0,5 
6P 0,0 0,0 15.1. 
2E 35,1 3,0 
1E 21,8 1,5 
6P 0,0 0,0 18.1. 
2E 34,5 2,2 
1E 26,8 1,1 
6P 0,0 0,0 19.1. 
2E 36,2 0,5 
1E 21,6 0,2 
6P 0,0 0,0 21.1. 
2E 37,6 0,6 
1E 21,3 0,0 
6P 0,0 0,0 26.1. 
2E 40,2 0,4 
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1E 28,8 0,1 
6P 0,0 0,0 27.1. 
2E 
  
1E 14,9 0,7 
6P 0,0 0,0 1.2. 
2E 
  
1E 19,4 0,0 
6P 0,0 0,0 2.2. 
2E 30,1 0,1 
1E 25,7 0,0 
6P 0,0 0,0 4.2. 
2E 34,0 0,1 
1E 28,6 0,1 
6P 0,0 0,0 9.2. 
2E 34,8 0,1 
1E 33,7 0,0 
6P 0,0 0,0 10.2. 
2E 
  
1E 14,5 0,0 
6P 0,0 0,0 11.2. 
2E 
  
 
 
 
Table B7-6: Analytical measurements of COD. 
DATE SAMPLE COD  (mgO2/L) VR R (%) Rc (%) 
  
   +/-       
1E 5658 259       
6P 3575 131 0,50 31,6 36,8 13.1. 
2E 7806 630       
1E 7360 1111       
6P 4213 40 0,46 30,8 42,8 14.1. 
2E 9665 148       
1E 7701 37       
6P 3899 158 0,44 28,5 49,4 15.1. 
2E 10425 111       
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1E 7518 519       
6P 3776 30 0,41 29,8 49,8 18.1. 
2E 9561 296       
1E 8827 0       
6P 3619 134 0,43 23,6 59,0 19.1. 
2E 13202 778       
1E 11709 1785       
6P 3139 40 0,39 16,3 73,2 21.1. 
2E 12145 805       
1E 11394 1565       
6P 3733 172 0,31 22,5 67,2 26.1. 
2E 13175 91       
1E 11499 2969       
6P 3366 52 0,29 20,7 70,7 27.1. 
2E           
1E 6575 105       
6P 3654 189 0,50 27,8 44,4 1.2. 
2E           
1E 7762 498       
6P 3279 203 0,38 26,4 57,8 2.2. 
2E 8950 30       
1E 9473 452       
6P 3340 120 0,26 26,0 64,7 4.2. 
2E 9526 168       
1E 9142 139       
6P 3418 91 0,20 29,9 62,6 9.2. 
2E 10067 212       
1E 9805 711       
6P 3575 240 0,04 34,9 63,5 10.2. 
2E           
1E 6697 168       
6P 3139 80 0,11 41,9 53,1 11.2. 
2E           
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Table B7-7: Relationship between absorbance at 254 nm and COD. 
 
DATE SAMPLE Abs COD COD (mgO2/L) 
1E 0,394 5657 
6P 0,256 3575 13/01/2010 
2E 0,679 7805 
1E 0,551 7360 
6P 0,246 4212 14/01/2010 
2E 0,852 9665 
1E 0,651 7700 
6P 0,231 3898 15/01/2010 
2E 0,948 10425 
1E 0,705 7517 
6P 0,146 3776 18/01/2010 
2E 0,812 9560 
1E 0,691 8827 
6P 0,181 3619 19/01/2010 
2E 1,046 13201 
1E 0,589 7762 
6P 0,257 3279 02/02/2010 
2E 0,892 8950 
1E 0,74 9473 
6P 0,183 3340 04/02/2010 
2E 0,979 9526 
1E 0,856 9142 
2P 0,162 3418 09/02/2010 
2E 1,019 10067 
1E 1,037 9805 
1P 0,208 3575 10/02/2010 
2E 
    
1E 0,673 6697 
1P 0,11 3139 11/02/2010 
2E 
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COD=f(AbsCOD)  02.02.-11.02.2010
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Figure B7-1: Relationship between absorbance at 254nm and COD in Group 3. 
 
 
 
 
Figure B7-.7.1: Appearance of the samples of January 13th (I). 
 
 
 
 
Figure B7-7.2: Appearance of the samples of January 13th (II). 
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